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Thermal  stability  of  refractory  materials  for 
high-temperature  composite  applications 

H.  WIEDEMEIER,  M.  SINGH 

Department  of  Chemistry,  Rensselaer  Polytechnic  Institute,  Troy,  NY  12180-3590,  USA 


A  computational  thermodynamic  analysis  of  the  stability  of  group  IV,  V,  and  VI  transition  metal 
borides,  carbides,  nitrides,  and  oxides  is  presented.  The  results  of  these  computations  can  be 
employed  to  assess  the  stability  and  decomposition  of  these  materials  at  high  temperatures 
under  different  ambient  conditions.  The  thermodynamic  stabilities  of  group  IV,  V,  and  VI  com¬ 
pounds  increase  with  atomic  number  of  the  metal  in  the  same  group  and  decrease  with  atomic 
number  in  the  same  period.  Based  on  the  equilibrium  computations  of  the  decomposition 
reactions  considered,  V3B4,  HfC,  HfN  and  Ti30s  are  the  most  stable  compounds  in  each  class. 
In  general,  the  refractory  oxides  are  the  most  stable  compounds  followed  by  the  borides,  car¬ 
bides  and  nitrides. 


1.  Introduction 

In  recent  years,  considerable  attention  has  been  fo¬ 
cused  on  the  development  of  high-temperature  struc¬ 
tural  composite  materials,  which  might  serve  as  re¬ 
placements  for  superalloys  in  high-temperature  and 
aerospace  applications.  These  materials  should  have 
high  melting  points,  good  oxidation  resistance,  low 
density,  and  superior  high-temperature  creep  and 
other  mechanical  properties.  The  thermochemical  be¬ 
haviour  and  properties  of  refractory  borides,  carbides, 
nitndes,  silicides  and  oxides  are  being  investigated  for 
the  above  purposes.  One  of  the  major  requirements  for 
the  efficient  design  and  operation  of  high-temperature 
components  and  processes  is  reliable  data  about  the 
thermodynamic  stabilities,  decomposition  and  oxida¬ 
tion  behaviour  under  different  conditions.  These  data 
are  very  useful  in  estimating  the  vaporization  losses 
and  predicting  the  lifetime  of  such  materials. 

Oespite  continuing  research  efforts  and  the  use  of 
advanced  experimental  techniques,  there  are  still 
many  gaps  in  the  knowledge  and  understanding  of  the 
high-temperature  properties  of  these  refractory  mater¬ 
ials.  The  considerable  lack  of  reliable  experimental 
data  concerning  the  stability  and  oxidation  under 
different  conditions  at  elevated  temperatures  has  en¬ 
couraged  us  to  estimate  these  properties  using  ther¬ 
modynamic  data. 

The  present  investigation  deals  with  the  stability 
relative  to  decomposition  (vaporization)  of  borides, 
carbides,  nitrides  and  oxides  of  group  IV  (titanium, 
zirconium  and  hafnium),  group  V  (vanadium,  niobium 
and  tantalum),  and  group  VI  (chromium,  molyb¬ 
denum  and  tungsten)  metals.  Several  of  these  com¬ 
pounds  are  of  current  interest  for  high-temperature 
structural  applications.  Hillig  [I]  discussed  various 
problems  and  prospects  for  several  of  these  com¬ 
pounds  as  constituents  (fibre/matrix/coating)  for  high- 
temperature  composites.  Titanium  diboride  reinforce- 
menu  an  reported  to  be  compatible  with  and  to 


improve  the  mechanical  properties  of  intermetallic 
(aluminides)  and  of  some  ceramic  (oxide)  matrix  com¬ 
posites  [2-4].  Pure  and  partially  stabilized  zirconia 
(PSZ)  are  found  to  be  quite  attractive  and  effective  as 
thermal  barrier  coatings  for  high-temperature  appli¬ 
cations  [5].  A  number  of  compounds  of  this  class,  i.e. 
TiC,  TiN,  TiO?,  TaC,  Cr3C2  and  Cr203  are  widely 
used  for  different  applications  in  heat  engines  [6].  In 
addition,  studies  [7]  indicate  that  TiC  and  TiB2  are 
also  promising  materials  for  use  as  limiters  (the  part  of 
a  fusion  reactor  nearest  to  the  plasma).  Other  applica¬ 
tions  of  materials  containing  refractory  metal  car¬ 
bides,  nitrides  and  borides  include  their  use  as  effective 
wear-resistant  materials  for  cutting  tools  [8-10].  A 
number  of  composite  systems  containing  these  com¬ 
pounds  as  reinforcemenu  (whiskers,  particulates  and 
fibres),  matrices,  and  coatings  are  reported  in  the 
literature.  The  main  objectives  of  this  investigation  are 
to  evaluate  the  thermal  stabilities  of  these  materials  at 
high  temperatures  and  to  provide  a  data  base  for 
further  computations.  Other  more  specific  analyses  of 
the  high-temperature  applications  and  properties  of 
these  materials  are  part  of  a  continuing  effort  and  are 
being  reported  elsewhere  [11-13], 

2.  Thermodynamic  considerations 
Thermodynamic  equilibrium  calculations  represent  a 
powerful  tool  to  assess  the  chemical  reactivities  of 
material!  in  particular  at  elevated  temperatures.  The 
free  energies  of  reactions  provide  guidelines  with  re¬ 
spect  to  the  dominant  direction  and  extent  of  pro¬ 
cesses.  However,  thermodynamically  favourable  reac¬ 
tions  may  not  occur  owing  to  reaction  kinetics.  In 
such  cases  the  actual  physical  state  of  the  material,  e  g. 
texture,  porosity,  stress  and  strain,  may  become  very 
important  The  rate  of  a  reaction  is  also  affected  by  the 
surface  area  available  which,  in  turn,  is  related  to  the 
porosity  of  the  material.  Reactions  may  be  inhibited 


by  the  formation  of  protective  layers.  The  latter  case  is 
of  particular  interest  for  the  application  of  many  com¬ 
posite  materials  at  high  temperatures,  where  the  par¬ 
tial  pressures  of  gaseous  reactant  or  product  species 
may  stabilize  or  destabilize  the  system. 

One  of  the  main  problems  encountered  in  the  ther¬ 
mochemical  analysis  of  the  refractory  materials  is  the 
lack  of  reliable  thermodynamic  data  for  compounds  at 
high  temperatures.  In  such  cases,  the  estimation  of 
data  is  required.  For  the  analysis  of  the  decomposition 
behaviour  of  a  given  material,  various  reactions  are 
considered  which  may  occur  in  a  particular  system. 
Using  the  available  and  estimated  data,  equilibrium 
thermodynamic  computations  are  performed  for  all 
reactions.  For  a  meaningful  application  and  inter¬ 
pretation  of  thermochemical  computations  a  brief  re¬ 
view  of  the  basic  relationships  and  conventions  may 
be  desirable. 

The  equation  for  chemical  equilibrium  can  be  intu¬ 
itively  expressed  in  terms  of  activities,  namely 

U.lT.p.comp.)  s  p?  +  RT\na{(T,  p,  comp.)  (1) 

where  is  the  chemical  potential  of  a  substance  in  its 
standard  state  in  a  particular  phase.  The  choice  of 
standard  states  for  a  substance  is  a  matter  of  conveni¬ 
ence.  Conventionally,  the  standard  state  of  a  compon¬ 
ent  in  a  gaseous  phase  is  that  of  unit  fugacity,  i.e.  the 
pure  gas  in  the  hypothetical  ideal  condition  at  temper¬ 
ature  T  and  1  atm  pressure.  Thus  a,  -»  p(  as  p,  -♦  0.  For 
a  pure  solid  or  liquid  or  for  a  solid  or  liquid  solution, 
the  most  convenient  standard  state  is  the  pure  solid  or 
liquid  (or  pure  solvent)  at  temperature  T  and  1  atm 
pressure.  For  such  a  substance,  a,  -*  x,  as  x,  -» l  if 
the  pressure  is  1  atm.  Unless  the  pressure  is  very  high, 
the  pressure  dependence  of  u,  of  condensed  phases  can 
be  neglected  because  of  the  small  molar  volume  in  the 
term  i\d p  of  the  modified  Gibbs-Duhem  equation. 

With  Equation  1  the  change  in  Gibbs  free  energy  for 
a  chemical  reaction  is  defined  as 

AGs  Xvifi(  a  Tv^J*  +  RT^Vflna,,  (2) 
i  T  i 

where  the  stoichiometric  coefficients  v,  are  negative  for 
reactants  and  positive  for  products.  Introducing  the 
quantity  AG®  for  X  vi  H<°.  Equation  2  can  be  written  in 

the  form 

AG  s  AG°  +  Rrinflar'.  (3) 

i 

It  is  useful  to  recall  that  AG°  is  the  change  in  Gibbs 
free  energy  for  a  process  starting  with  the  stoichio¬ 
metric  number  of  moles  of  reactants  in  their  standard 
states,  and  ending  with  the  stoichiometric  number  of 
moles  of  products  in  their  standard  states.  The  second 
term  in  Equation  3  is  the  product  of  activities  and/or 
partial  pressures  of  reactants  and  products.  When  the 
process  is  at  equilibrium,  AG  *  0  and  Equation  3 
takes  the  form 

AG  a  0  ■  AG°  +  RTlnK (4) 

where  K „  -  n,  a?  and  is  the  equilibrium  constant  of 
the  reaction.  When  gaseous  species  are  involved  in  the 
reaction,  the  symbol  K9  is  frequently  used  for  .  The 


equilibrium  condition  is  commonly  expressed  by  the 
equation 

AG°  =  -KTlnK,,.  15) 

The  quantity  AG°  is  related  to  the  reaction  enthalpies 
and  entropies  of  substances  in  their  standard  states  by 
the  expression 

AGr  =  AW®  -  T&S°t  (6) 

For  computational  purposes  Equation  6  can  be  ex¬ 
panded  to 

AG®  =  AW$»g  +  r  AC®  dT  -  FAS®,, 

J  298 

-  rfr  ^d t  (7) 

J  298  1 

where  AW®„  and  ASf9g  are  enthalpy  and  entropy 
changes,  respectively,  of  reaction  at  298  K.  Thus,  AG® 
can  be  computed  for  any  reaction  and  at  any  temper¬ 
ature  for  which  thermodynamic  data  (heats  of  forma¬ 
tion,  absolute  entropies,  heat  capacities)  of  reactants 
and  products  are  available.  Assuming  that  the  reac¬ 
tion  process  involves  at  least  one  reactant  or  product 
substance  in  the  gaseous  state  and  that  the  others  are 
in  the  condensed  state,  then  based  on  the  above  defini¬ 
tion  of  AG®  and  at  equilibrium,  the  activities  of  the 
substances  in  the  condensed  phase  are  unity  and  of 
those  in  the  gaseous  state  are  equal  to  their  equilib¬ 
rium  partial  pressures. 

Under  these  conditions,  the  sign  of  AG®  indicates 
the  endo-  or  exo-thermicity  (direction)  of  the  reaction 
as  written.  The  magnitude  of  AG®  is  related  to  the 
magnitude  of  the  partial  pressure(s)  of  gaseous  species 
present,  which,  in  turn,  is  related  to  the  amount(s)  of 
gaseous  substances  in  the  reaction  system.  On  the 
other  hand,  the  activity  of  a  pure  condensed  phase  (at 
1  atm)  is  unity  by  definition  and  independent  of  the 
amount  of  substance  present  Thus,  for  a  process  in 
which  only  reactants  and  products  in  the  condensed 
phase  participate,  AG®  indicates  the  direction  of  a 
process,  but  not  the  ‘'extent"  of  the  reaction.  If 
AG®  <  0,  then  eventually  ail  reactants  must  disappear, 
if  AG®  >  0,  eventually  all  products  must  disappear. 
Only  at  one  particular  temperature  is  AG®  *  0,  and 
the  ratio  of  activities  is  unity  for  condensed-phase 
reactions.  Therefore,  generally  it  is  not  meaningful  to 
compute  equilibrium  constants  from  thermodynamic 
data  for  reactions  involving  only  condensed-phase 
substances.  The  computation  of  AG®  values  for  such 
reactions  provides  an  indication  whether  the  reaction 
as  written  is  thermodynamically  favourable  or  not.  As 
indicated  above,  kinetic  factors  may  have  a  con¬ 
siderable  influence  on  the  actual  behaviour  of  a  pro¬ 
cess  under  given  conditions  of  temperature,  pressure, 
and  of  the  physical  state  of  the  materials  involved. 

A  computer  program  has  been  developed  to  calcu¬ 
late  AG®  values  for  all  individual  reactions  considered 
in  this  work  over  wide  temperature  ranges.  The  major¬ 
ity  of  the  chemical  reactions  employed  in  the  thermo¬ 
dynamic  analysis  of  the  different  systems  contain  one 
or  more  gaseous  reactant(s)  and/or  product(s).  For 
these  condensed-gas  phase  reactions,  based  on  the 


TABLE  I  Sources  of  thermochemical  data  for  substances  considered  in  equilibrium  calculations  of  this  work 


Substance 

Ref. 

Substance 

Ref 

Substance 

Ref 

Substance 

Ref. 

Bis.  1) 

17 

Ta(g) 

16 

ZrC(s) 

17 

CrN(s) 

18 

Big) 

17 

Crls.  1) 

15 

HPC(s) 

14 

CrjN(s) 

18 

C(s) 

19 

Cr(g) 

16 

VCls.  1) 

15 

TiOls.  1) 

14 

Clg) 

19 

Mots.  I) 

15 

V2C|s.  1) 

14 

TiO(g) 

(4 

C.ig) 

17 

Mo(g) 

18 

NbC(s) 

18 

TiOjls.  1) 

14 

c,(g> 

17 

Wlsl 

14 

NbjCls) 

14 

TijOjts.  1) 

14 

Nig) 

19 

TiBls.  1) 

17 

TaC(s) 

15 

TijO,<s.  1) 

14 

N  tig) 

19 

TiBjIs) 

17 

TajC(s) 

15 

ZrO(g) 

14 

Olg) 

19 

ZrBj(s) 

17 

CfjCj(s) 

18 

ZrOjls.  1) 

14 

Ojlgt 

19 

HfBj(s)* 

17 

Cr,Cj(s) 

18 

HfO.ls.  1) 

14 

Tils.  1) 

17 

V,B2|s) 

15 

MojC(s)* 

14 

V02(s.  1) 

14 

Tug) 

17 

VBIs) 

15 

WC(s) 

14 

V205(s.  1) 

14 

Zrls.  1) 

17 

VjB4(s) 

15 

W,C(si 

15 

NbO(s,  1) 

14 

Zrfg) 

17 

V2B,(s) 

15 

TiN(s) 

17 

NbOjls.  1) 

14 

Hfls.  1) 

14 

V,B6(s) 

15 

ZrN(s) 

17 

NbjOsls.  1) 

14 

Hflg) 

16 

VB,(s) 

15 

HfN(s)* 

14 

Ta2Os(s.  1) 

14 

Vis.  1) 

15 

NbB.ls) 

14 

VNls,  1) 

18 

Cr2Oj(s.  1) 

18 

V(g) 

18 

TaBj(s) 

14 

NbNls.  1) 

14 

Mo02(s) 

18 

Nbls.  1) 

14 

CrBtsI* 

- 

NbjN(s) 

14 

MoOjfs.  1) 

18 

Nblg) 

18 

CrBj(s)* 

- 

TaN(s) 

15 

WOjls.  1) 

18 

Tats) 

14 

TiC(s) 

17 

Ta2N(s) 

15 

WOjls.  1) 

18 

*  Extrapolated  to  higher  temperatures. 


stoichiometry  of  the  reaction  and  on  Equation  S, 
equilibrium  constants  (Kp)  for  individual  reactions 
and  equilibrium  partial  pressures  of  different  gaseous 
species  are  computed.  For  those  reactions  containing 
only  substances  in  the  condensed  phase,  AG°  values 
are  reported.  For  the  representative  compound  of  a 
given  class  of  materials,  the  equilibrium  constants  of 
individual  reactions  are  given  as  a  function  of  temper¬ 
ature  in  graphical  representation.  In  the  interest  of 
numerical  accuracy  and  for  the  convenience  of  the 
user,  the  AG°  and  equilibrium  constant  values  of  all 
individual  reactions  are  expressed  in  the  form  of  lin¬ 
ear,  two-term  equations.  The  numerical  constants  a 
and  b  of  these  equations  are  listed  in  tables.  In  this 
way,  the  results  provided  can  be  used  for  specific 
reactions  alone,  and  in  combination  with  other  reac¬ 
tions  of  the  same  and  of  other  systems. 

The  sources  of  the  therm ochcmicai  values  of  the 
elements  and  compounds  used  in  the  present  com¬ 
putations  are  listed  in  Table  I.  The  heat  capacity  and 
entropy  values  of  HfN  and  HfB2  are  given  in  the 
literature  [14]  only  up  to  1300  and  1700  K,  respect¬ 
ively.  Thermochemical  data  for  the  molybdenum  and 
tungsten  borides  and  nitrides  are  not  readily  available. 
There  are  various  sources  of  thermochemical  data  in 
the  literature  for  a  given  material.  The  selection  of  the 
sources  used  in  this  work  is  based  on  a  critical  analysis 
of  literature  data  and  on  a  comparative  evaluation  of 
theoretical  predictions  and  experimental  evidence. 


3.  Results  and  discussion 

Among  the  important  criteria  for  the  assessment  of 
thermochemicai  properties  and  for  the  application  of 
composite  materials  at  high  temperatures  is  the  sta¬ 
bility  of  their  constituents  with  respect  to  decomposi¬ 
tion  (volatilization)  and  their  “inertness"  with  respect 
to  chemical  reactivity.  Based  on  common  experience 
and  on  available  literature  [1],  some  stability  criteria 


of  these  materials  have  been  established.  Vapour  pres¬ 
sures  or  dissociation  pressures  of  about  10“ 6  atm  or 
less  present  no  long-term  stability  problems.  However, 
vapour  pressures  of  about  10“ 3  atm  or  higher  are 
considered  excessive  and  may  cause  serious  damage 
and  failure  of  components  of  a  system.  Thus,  vapour 
pressures  of  about  10" 5  atm  may  be  taken  as  an 
upper-bound  safety  limit. 

These  criteria  are.  of  course,  qualitative  guidelines, 
and  individual  materials  have  to  be  evaluated  under 
actual  conditions.  Detailed  analyses  of  the  decomposi¬ 
tion  behaviour  of  these  materials  involve  specific 
assumptions  about  the  reaction  mechanisms.  Thermo¬ 
dynamic  analyses  of  individual  chemical  reactions 
have  been  carried  out  to  estimate  their  relative  im¬ 
portance  and  that  of  different  vapour  species  particip¬ 
ating  in  the  decomposition  process.  The  chemical 
stabilities  of  the  refractory  borides,  carbides,  nitrides 
and  oxides  will  be  discussed  in  separate  sections 
below. 


3.1 .  Stability  of  metal  borides 
The  decomposition  reactions  of  the  refractory  metaJ 
borides  presently  considered  to  yield  different  product 
species  are  represented  by  the  following  generalized 
equations; 


MB,(s,l)  - 

M(s,  1)  +  xB(s,l) 

(8) 

MB,(s,l)  - 

M(g)  +  xB(s,l) 

(9) 

MB,(s,  1)  - 

M(s,l)  +  xB(g) 

(10) 

MB„(s,  1)  - 

M(g)  +  xB(g) 

(ID 

where  M  is  a  refractory  metal  of  group  IV,  V.  and  VI 
elements  and  x  is  the  number  of  boron  atoms  per 
metal  atom.  Because  of  the  large  number  of  com¬ 
pounds  and  reactions  involved,  a  detailed  representa¬ 
tion  of  the  K,  values  against  reciprocal  temperature 


TABLE  I ;  Values  of  a  and  b  in  the  relation  logKf  =  a-HIO*6  T)  for  different  decomposition  reactions  of  refractory  borides,  the  headings 
indicate  the  type  of  reaction  products,  but  not  in  all  cases  the  stoichiometry 


Compound* 

M|s.l)-Bls.  I)6 

Mis.  hi-  Big) 

M(g)  +  Bls.  1) 

M(g)-Blg) 

TiB 

a  =  30.86 

a=  8.273 

a=  7  926 

a  =  15  358 

6=  0.4414 

h  =  -  3  762 

h  =  -  3.308 

f>=  -6  191 

TiB, 

a  =50.89 

a  =  16.595 

o=  8.348 

a=  23.689 

b=  0.8353 

h=  -7.283 

b=  -3.919 

6=  -97U 

ZrB, 

u  =  59  20 

a=  16.746 

o=  8.481 

a  =  23.82 

6=  0.955 

b=  —7.515 

b=  -4.942 

b=  -10.73 

HfB. 

a  =  70.48 

a=  16.088 

a  =  7  678 

a  =  23.01 

b=  0.4847 

b=  -7.554 

b=  -5.405 

6= -11.20 

V,B,* 

<3  =  64.56 

o=  16.187 

a=  23.857 

o=  39.34 

h=  0.3745 

6=  -7.395 

b=  -9.620 

6=  -15.42 

VB* 

a  =  29.42 

a=  8.065 

o=  7.933 

a=  15.781 

h=  0.1689 

b=  -3.627 

b=  -3.394 

6=  -6.302 

VjB.* 

a  =102.2 

a  =  32.20 

a=  24.39 

o=  55.35 

6=  0.6417 

6=  — 14.15 

6  =  -10.58 

6=  -22.18 

V,Bj* 

a  =  72. 10 

a=  24.09 

a=  16.35 

a=  39.58 

6=  0.4717 

b=  -10.51 

6=  -  7.159 

6=  — 15.86 

V,B,‘ 

a=  118.5 

o=  52.04 

o=  44.18 

o=  90.62 

b=  2.846 

6=  -21.41 

6= -17.38 

6= -34.78 

VB,* 

a  =  41.98 

a=  16.066 

a  =  8.293 

o=  23.786 

6=  0.3029 

6=  -6.868 

6=  —3.741 

6.  -9  544 

NbB, 

a  =  36.09 

a=  15.766 

a=  8.304 

o>  23.64 

6=  0.2555 

6=  -6.701 

6= -4.738 

6= -10.53 

TaB, 

a  =  43.31 

o=  15  862 

o=  7.860 

o=  23.18 

b-  0.325 

6=  —6.889 

6=  —5.172 

b-  -10.96 

CrB* 

a-17  21 

o=  7.753 

o=  7.274 

a-  15017 

6=  0.0179 

6= -3.284 

6=  -2.427 

6= -5.328 

CrB,* 

a-18.25 

o=  15.843 

o=  7.609 

o=  23.145 

6=  0.1705 

6= -6.288 

6=  -2.529 

6= -8.330 

*  All  K„  values  are  for  the  temperature  range  500  to  3000  K.  except  for  those  compounds  marked  (*)  which  are  for  the  temperature  range  500 
to  2500  K. 

*  AG°  values  from  AG°  -  a  +  (10 *b/T)  are  given  in  kcal  mol' 1  for  the  reactions  in  this  column  only  (I  cal  =  4.19  3). 


for  the  individual  solid-gas  phase  reactions  of  TiB  and 
TiB2  is  given  in  Fig.  1.  The  temperature  dependence  of 
the  equilibrium  constants  of  the  other  group  IV,  V, 
and  VI  borides  is  represented  by  the  a  and  b  terms  of 
the  corresponding  linear  equations  listed  in  Table  II. 


Figure  I  Equilibrium  constants  as  a  function  of  reciprocal  tamper* 
ature  for  the  main  solid-gas  phase  decomposition  reactions  of 
TiBlsland  TiB,(sM  A)TiB(s)  -  Tiff)  +  Bis.  Ik f O) TiB(s>  -  Tifs.1) 
♦  Blgt:  (.)  TiB(s)  -  Ti(|>  +  Blgt  (•)  TiB,(s)  -  Ti(g)  4-  2BI*.  It 
|0|  TiB, (si  -  Ti(s.  II  +  2B(gt  (■)  TiB, Is)  -  Ti(g)  ♦  2B(g|. 


No  reliable  thermochemical  data  for  the  borides  of 
molybdenum  and  tungsten  are  presently  available. 
Therefore,  these  compounds  are  not  included  in  the 
present  investigation. 

It  is  evident  from  Fig.  1  that  at  lower  temperatures 
the  reactions  yielding  gaseous  species  are  rather  insig¬ 
nificant  with  respect  to  decomposition  of  TiB  and 
TiBj.  But  with  increasing  temperature  and  owing  to 
the  increasing  dominance  of  the  entropy  contribution, 
these  reactions  may  become  important  for  the  stability 
evaluation  of  the  materials.  If  the  gaseous  molecules 
can  escape  from  the  reaction  interface,  even  a  minor 
reaction  may  become  critical  and  become  a  “runaway 
reaction”.  It  is  also  apparent  from  Fig.  I  that  TiB  is 
less  stable  with  respect  to  decomposition  than  TiB2 .  It 
is  intuitively  obvious  that  the  decomposition  reactions 
of  a  given  compound  yielding  condensed-phase  pro¬ 
ducts  require  less  energy  than  tnose  leading  to  gaseous 
products.  Thus,  under  given  temperature  and  pressure 
conditions,  the  former  reactions  are  more  critical  with 
respect  to  thermal  stability  of  the  compound  than  the 
latter. 

In  an  attempt  to  compare  the  relative  thermodyna¬ 
mic  stabilities  of  the  metal  borides  investigated  here, 
the  lowest  AG°  values  at  2000  K,  corresponding  to  the 
decomposition  of  a  given  compound  to  condensed- 
phase  products,  are  graphically  represented  in  the 


ZrB2  V2Bj  NbB2  CrBj 

HfB2  V3B4  TqB, 


Figure  J  Standard  Gibbs  free  energy  changes  of  the  thermodynami¬ 
cally  most  favourable  condensed-phase  decomposition  reactions  of 
metal  borides  at  2000  K  (I  cal  -  4.19  J). 


form  of  a  bar  diagram  in  Fig.  2.  In  other  words,  the 
Gibbs  free  energy  changes  (under  standard  conditions) 
of  the  thermodynamically  most  favourable  decom¬ 
position  reactions  of  these  metal  borides  are  given. 
Within  the  constraints  of  the  definition  of  AG°  and  of 
the  meaning  of  activities  for  condensed-phase  reac¬ 
tions,  and  assuming  that  all  other  conditions  (e.g. 
kinetic  limitations)  are  the  same  for  different  com¬ 
pounds.  the  heights  of  the  bars  in  Fig.  2  provide  a 
qualitative  guideline  for  the  relative  stability  of  the 
compounds.  A  larger  AG°  value  indicates  a  more 
stable  compound.  Apparently,  with  increasing  atomic 
number  of  the  metal  atom,  the  stabilities  of  the  borides 
increase  within  the  same  group  and  decrease  within 
the  same  period  of  the  periodic  table  for  compounds  of 
the  same  metal  to  non-metal  ratio.  In  view  of  the 
above  constraints,  a  further  interpretation  of  Fig.  2  is 
not  justified.  Bolgar  et  al.  [19]  measured  high-temper¬ 
ature  thermodynamic  properties  (enthalpy  and  heat 
capacity)  of  transition  metal  refractory  borides  and 
has  shown  that  with  increasing  number  of  boron 
atoms  per  metal  atom  in  the  compound,  the  bond 
strength  of  the  compounds  increases.  The  same  trend 
is  predicted  in  Fig.  2,  based  on  independent  thermo- 
chemical  computations.  These  computations  suggest 
that  VjB4  is  the  most  stable  boride  followed  by  V2  B} 
and  HfB2. 

3.2.  Stability  of  metal  carbides 
High-temperature  applications  of  metal  carbides  re¬ 
quire  resistance  to  decomposition  and  to  chemical 
attack  at  a  free  surface.  The  high  melting  points  and 
low  vapour  pressures  of  group  IV,  V  and  VI  trans¬ 
ition-metal  carbides  provide  the  stability  in  vacuum 
and  inert  atmospheres  of  these  materials.  For  most 
metal  carbides,  decomposition  occurs  by  vaporization 
which  may  be  congruent  or  incongruent  For  some 
decomposition  reactions,  product  species  containing 
metal-carbon  bonds  have  been  reported.  The  follow¬ 
ing  decomposition  reactions  of  the  above  metal  car¬ 
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Figure  J  Equilibrium  constants  as  a  function  of  reciprocal  temper¬ 
ature  for  the  main  solid-gas  phase  decomposition  reactions  of 
TiClsl.  (•)  TiC(s)  =  Ti|g)  +  C(sl:  I  TiClsl  =  Tils.  I)  Clgl;  ( Zl 
2TiC(s)  =  2Ti(s.  I)  +  Cj(g);  (O)  TiClsl  =  Tilg)  +  Clgl:  1+1  3TiCls) 
=  3Tils. I)  +  C,(g);  (•)  2TiC(s)  =  2Ti(g)  +  C,(g);  (■)  3TiClsl 
=  3Ti|g)  +  Cjlg). 

bides  are  considered  for  the  computational  analysis: 

MC(s,  1)  =  M(s,l)  +  C(s)  (12) 

MC(s.l)  =  M(g)  +  C(s)  (13) 

MC(s.l)  =  M(s,l)  +  C(g)  (14) 

2MC(s,  1)  =  2M(s,  1)  +  C2(g)  (15) 

MC(s.l)  =  M(g)  +  C(g)  (16) 

3MC(s,  1)  =  3M(s,  1)  +  C3(g)  (17) 

2MC(s,  I)  =  2M(g)  +  C2(g)  (18) 

3MC(s,  1)  =  3M(g)  +  C3(g)  (19) 

where  M  is  the  same  as  above.  The  equilibrium  con¬ 
stants  as  a  function  of  1  IT  for  the  most  important 
solid-gas  phase  decomposition  reactions  of  TiC  are 
graphically  represented  in  Fig.  3.  The  overall  trend  of 
the  temperature  dependence  of  the  different  decom¬ 
position  reactions  and  the  interpretation  are  very  sim¬ 
ilar  to  those  of  TiB.  Again,  reactions  involving  gaseous 
products  can  become  rather  critical  at  elevated  tem¬ 
peratures  and  seriously  affect  the  stability  of  the  ma¬ 
terial.  The  a  and  b  values  of  the  linear  equations  for 
the  above  thermodynamic  functions  of  the  other  metal 
carbide  decomposition  reactions  are  given  in  Table 
III.  Reliable  thermodynamic  data  for  MoC  are  pre¬ 
sently  not  available.  Drowart  et  al.  [20]  reported  that 
at  temperatures  of  about  2500  K  and  higher,  TiC 
evaporates  predominantly  as  Ti(g)  and  C.(g).  The 
different  slopes  of  the  decomposition  reactions  in 
Fig.  3  are  consistent  with  these  observations.  For  HfC 
and  TaC,  Engelke  et  al.  [21]  reported  that  a  vapour 
pressure  of  carbon  higher  than  that  of  the  metal  leads 
to  a  loss  of  carbon  at  temperatures  close  to  the  melting 
point  A  more  comprehensive  review  of  the  properties 
of  refractory  carbides  is  given  by  Storms  [22]  and  by 
Toth  [23]. 

Analogous  with  the  borides,  the  decomposition 
reactions  of  the  metal  carbides  yielding  exclusively 
condensed-phase  products  are  more  favourable  than 


TABLE  III  Values  of  a  and  b  in  the  relation  log  Kp  =  a  +  ( 10*  6  T)  for  different  decomposition  reactions  of  refractory  carbides:  the  headings 
indicate  the  type  of  reaction  products,  but  not  in  all  cases  the  stoichiometry. 

Compounds*  Mis.  Il-Clsl'  M(g|-C(sl  Mis.  Il  +  Clg)  Mis.  Il  +  Cjlgl  Mis.  IH-Cj(g)  M(g)  +  Clg)  M(g>-C2lg>  M(gl-C3igi 


TiC 

a  =  33  94 

a  = 

7.844 

a  = 

9  017 

o=  11.639 

a=  12.400 

a  = 

16.126 

a  = 

26.21 

a* 

3442 

6  =  0.5072 

6  = 

-3  401 

6  = 

-4.727 

b=  -6.300 

6=  —7.051 

6  = 

—  7  147 

b  = 

-11.25 

6  = 

-  1444 

ZrC 

o  =  39.48 

a  = 

7.645 

a  - 

8.801 

a=  11.587 

a=  12.491 

a  = 

15.889 

a  = 

25.73 

a  = 

33.7| 

6=  0.3668 

6  = 

-4  248 

6  = 

—4.784 

6  =  -6.505 

6=  -7.328 

6  = 

-7.994 

b  ~ 

-12.94 

6  = 

-16.99 

HfC 

o=48  50 

a  — 

7,417 

a- 

8  731 

a  =  11.422 

a  =  12.231 

a  * 

15.661 

a  = 

25.28 

a  * 

3301 

b=  0.3271 

h  = 

-4.850 

b= 

-4.953 

6  =  -6.861 

6=  -7860 

-8.596 

6  = 

— 14.15 

6  = 

— 18.79 

VC* 

u  =  1806 

a  = 

8.259 

a  = 

8.811 

a  =  11.670 

a  =  12.523 

a* 

16.521 

as 

2709 

a* 

35  58 

6=  0  2933 

6  = 

-3.212 

6  = 

-4.293 

6  =  -5.529 

6=  -5.857 

6  = 

-6.968 

6  = 

- 10.88 

6  = 

-13.87 

V.C" 

o  =  33.45 

0* 

15.79 

a  * 

8.438 

a  **  11 .06 

a-  11.53 

as 

24.06 

a  * 

42.31 

a  =* 

5840 

6=  0.0704 

6  = 

—  6.132 

6  = 

-4.524 

6=  -6.001 

6=  -6.561 

6  = 

-9.889 

6* 

- 16.73 

6  = 

-22.65 

NbC 

0  =  31.05 

a  = 

8.003 

a  = 

8.362 

a  =  10.685 

a-  11.137 

a  = 

16.241 

as 

26.45 

a  = 

34  77 

h=  0.0743 

h  = 

-4.542 

6  = 

-4.468 

6  =  -5.874 

6= -6.381 

6  = 

-8.297 

6  = 

-13.53 

6  = 

- 1 787 

Nb,Cb 

o  =  39.81 

<2* 

16.55 

8.93 

a=  12.09 

a=  12.99 

a  = 

24.82 

a  = 

43.83 

a  = 

60.68 

/>=  0.2736 

6  = 

-8.681 

6  = 

-4.771 

6=  -6.497 

6- -7.300 

6  = 

-12.44 

6« 

-21.83 

6  = 

-30  30 

TaC 

o=  35.10 

a  * 

7226 

a  =* 

8.120 

a  =  10.209 

a=  10.408 

15.463 

a» 

24.89 

a  = 

32.43 

6=  —0  0942 

6  = 

-4  804 

6  = 

-4.482 

6  =  -5  902 

6=  -6.422 

6  = 

-8.558 

b  =* 

- 1405 

6  = 

-18  65 

Ta.C 

o=  4795 

a  - 

14.699 

a* 

8.326 

a  =  10.473 

a=  10.796 

a* 

22.93 

a  = 

39.82 

a  = 

54  84 

6  =  -0  0101 

f>= 

-9.199 

b  = 

-4.814 

6=  -6.541 

6=  -7.379 

b  * 

-12.95 

b  » 

-22.84 

6  = 

-3183 

CfjCj* 

o=  27  83 

a  * 

20.995 

<2  = 

15.755 

a-  9.790 

a-  19.44 

a* 

37.50 

a* 

31.55 

as 

84.74 

6  =  -0.3679 

6  = 

-6.551 

6  = 

-7.934 

6= -4.876 

6- -9.755 

6  = 

-14.06 

b** 

—  1 1.01 

6  = 

-28.15 

Cr-C, 

o=  54.87 

a* 

49.20 

A* 

23.18 

a=  14.251 

a-  9.292 

a* 

73.97 

a  « 

65.05 

a* 

6008 

6=  -0.7251 

b  * 

-15.12 

b« 

-  12.08 

b-  -7.501 

6- -5.066 

6- 

-26.39 

6» 

-21.80 

6  = 

- 19.37 

MojC* 

a=  13.50 

a* 

14.921 

a* 

8.011 

a  =  10.08 

a«  10.16 

a- 

23.19 

a* 

40.40 

a  = 

55.64 

6=  -00866 

6  = 

-7.084 

6  = 

-3  999 

6=  -4.943 

6- -4.980 

6  = 

-10.84 

6  = 

-18.62 

6  = 

-25.50 

WC 

o=  7.653 

- 

a  * 

7989 

a =  10.84 

a-  11.30 

- 

- 

- 

6=  0.0678 

- 

b  — 

-3.932 

6.-4.858 

6=  -4.851 

- 

- 

- 

W2C 

o=  31.64 

- 

a* 

6.037 

a.  6.039 

o*  4.163 

- 

- 

- 

6= -1397 

- 

b- 

-3.805 

6.-4.548 

6- -4.391 

* 

- 

*  All  Kp  values  are  for  the  temperature  range  500  to  3000  K.  except  (*)  for  500  to  2500  K  and  (*)  for  500  to  2000  K. 
!  AG°  values  from  AG°  -  a  +  ( 10*6/7")  given  in  kcal  mol' 1  for  the  reaction*  in  thi*  column  only  (1  cal  -  4.19  J). 


those  yielding  gaseous  products  within  a  given  tem¬ 
perature  range.  Thus,  the  thermal  stability  of  the  metal 
carbides  is  limited  by  the  former  reactions.  Within  the 
same  constraints  as  discussed  above  for  the  metal 
borides,  the  relative  stabilities  of  the  metal  carbides  at 
2000  K.  are  compared  in  terms  of  the  AG°  values  for 
the  most  favourable  condensed-phase  decomposition 
reactions  in  Fig.  4.  Under  these  conditions,  it  is  appar¬ 
ent  from  Fig.  4  that  the  stabilities  of  the  mono¬ 
carbides  increase  with  atomic  number  of  the  metal  in 
groups  IV  and  V  and  for  the  di-metal  carbides  of 
group  V  at  2000  K. 

For  the  chromium,  molybdenum  and  tungsten  car¬ 
bides  the  trend  is  different  owing  to  the  molecularity 
effect.  But  on  a  per-atom  basis,  the  trend  is  the  same. 
Electronic  band  calculations  for  these  carbides 
[24-26]  suggest  that  electron  transfer  occurs  from  the 
metal  to  the  interstitial  carbon  atoms  upon  bond 
formation  in  the  above  carbides.  This  direction  of 
transfer  would  lead  to  the  formation  of  a  stronger 
C-M  bond  associated  with  a  weakened  M-M  bond  in 
MC  relative  to  the  pure  metal.  Shohoji  [27]  estimated 
the  carbon-metal  interactions  in  carbides  and  re¬ 
ported  that  the  C-M  bonds  in  group  IV  metal  car¬ 
bides  tend  to  strengthen  with  increasing  atomic  num¬ 
ber  of  the  metal  from  titanium  to  hafnium.  These 
theoretical  considerations  [27]  are  consistent  with  our 
thermochemical  predictions  concerning  the  relative 


stabilities  of  TiC,  ZrC  and  HfC  based  on  their  de¬ 
composition  reactions  evaluated  in  this  work  (Fig.  4). 

The  metal-carbon  bond  energy  (£CH4)  of  the  vana¬ 
dium,  niobium  and  tantalum  carbides  was  also  estim¬ 
ated  by  Shohoji  [27],  The  trend  in  the  £CHM  values  is 
the  same  as  that  for  the  titanium,  zirconium  and 
hafnium  carbides.  But  the  £CH*  values  of  group  V 


TIC  VC  VjC  CrjCg  VC 

ZrC  HbC  Nb,C  H«jC  v,C 
HfC  ToC  TojC 


Figurt  4  Standard  Gibb*  free  energy  change*  of  the  thermodynami¬ 
cally  most  favourable  conde need-phase  decomposition  reactions  of 
metal  carbide*  at  2000  K  (I  cal  •  4.19  IV 


metai  carbides  are  less  negative  (i.e.  weaker  C-M  bond 
strength)  than  those  of  the  group  IV  carbides.  These 
trends  are  also  reflected  in  our  thermodynamic  es¬ 
timations.  Ou:  predictions  are  also  supported  by  the 
suggestion  of  Storms  [22],  relating  the  increases  in  the 
melting  points  of  group  IV  and  V  metal  carbides 
relative  to  those  of  the  pure  group  IV  and  V  metals  to 
the  different  C-M  bond  strengths  in  these  metal  car¬ 
bides.  Because  the  metal-carbon  bonds  in  group  IV 
(titanium,  zirconium  and  hafnium)  carbides  are  much 
stronger  than  the  bonds  in  titanium,  zirconium  and 
hafnium  metals,  these  carbides  show  a  considerable 
increase  in  their  melting  points  relative  to  those  of  the 
pure  metals. 

The  corresponding  differences  in  M-C  and  M-M 
bond  energies  in  group  V  (vanadium,  niobium  and 
tantalum)  carbides  and  metals,  respectively,  are  less 
pronounced,  which  leads  to  the  smaller  increases  in 
melting  points  of  group  V  carbides  relative  to  those  of 
the  pure  metals.  Samsonov  et  al.  [28]  presented  a 
configurational  model  for  these  materials,  according 
to  which  the  degree  of  localization  of  valence  electrons 
in  stable  configurations  of  titanium,  zirconium  and 
hafnium  is  not  high.  Thus,  on  forming  carbides,  these 
metals  employ  a  greater  part  of  their  non-localized 
electrons  for  M-C  bond  formation.  This  leads  to 
stabilization  of  the  spJ  configuration  of  carbon  atoms, 
and  titanium,  zirconium  and  hafnium  carbides  are 
formed  with  strong  metal-carbon  bonds. 

Based  on  our  thermodynamic  estimations,  the  sta¬ 
bilities  of  group  IV,  V  and  VI  carbides  are  in  the  order 
of  group  IV  >  group  V  >  group  VI,  and  HfC  is  the 
most  stable  of  these  carbides. 


3.3.  Stability  of  metal  nitrides 
The  main  decomposition  reactions  of  the  metal  nitri¬ 
des  considered  in  this  work  are  given  by  the  reactions 

MN(s,  1)  *  M(s,  I)  +  |N2(g)  (20) 

MN(s,  I)  =  M(S)  +  iN,(g)  (21) 

The  temperature  dependences  of  the  equilibrium  con¬ 
stants  of  the  above  decomposition  reactions  of  titan¬ 
ium,  zirconium  and  hafnium  nitrides  are  given  in 
Fig.  5.  It  is  apparent  from  the  results  that  at  lower 
temperatures  the  reactions  leading  to  M(g)  are  rather 
insignificant.  At  higher  temperatures  these  reactions 
become  increasingly  more  important,  reflecting  the 
increased  dominance  of  the  entropy  contribution  to 
the  free  energy  of  reaction.  Combined  with  a  con¬ 
tinuous  escape  of  the  gaseous  products  under  non¬ 
equilibrium  conditions  from  the  reaction  interface, 
these  reactions  may  cause  catastrophic  failure  of  the 
materials. 

The  a  and  b  values  of  the  linear  logK,  against  ! /T 
equations  of  the  metal  nitride  reactions  considered 
here  are  given  in  Table  IV.  The  maximum  log  Kp 
values  associated  with  the  dominant  reactions  of 
group  IV,  V.  and  VI  metal  nitrides  at  2000  K.  are 
graphically  represented  in  Fig.  6.  From  this  diagram  it 
is  evident  that  the  stabilities  of  group  IV  and  V  metal 
nitrides  increase  with  increasing  atomic  number  of  the 
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Figure  5  Equilibrium  constants  as  a  function  of  reciprocal  temper¬ 
ature  for  the  main  solid-gas  phase  decomposition  reactions  of 
TiN(s).  ZrN|sl  and  HfN(s).  (Cl  TiNls)  =  Tils. ll  IN,igi:  i_i 
TiN(s|  =  Ti(g)  +  iN2(g);(3)  ZrN(s)  -  Zr(s.  1)  -*■  )N,(gi:  l»i  ZrNisi 
=  Zr(g)  +  )Nj(g);  (•)  HfN|s)  =  Hfls.1)  +  iN.igp  (  >|  HfN(s) 
=  Hf(g)  +  iNj(g). 

metal  within  the  same  group  and  with  increasing 
number  of  metal  atoms  in  the  compound.  Reliable 
thermodynamic  data  for  molybdenum  and  tungsten 
nitrides  are  not  available.  The  relative  thermodynamic 
stabilities  of  group  IV,  V  and  VI  refractory  nitrides  are 
in  the  order  group  IV  >  group  V  >  group  VI. 

3.4.  Stability  of  metal  oxides 

The  decomposition  reactions  presently  considered  for 

the  selected  refractory  metal  oxides  are 

M,Or(s,  1)  =  xM(s.  1)  +  (v/2)02(g)  (22) 

MxO,(s,l)  =  xM(g)  +  (y/2)02(g)  (23) 


TABLE  IV  Values ofaandhinlhe relation  log  Ax»a  +  (10*bT) 
for  the  decomposition  reactions  of  refractory  metal  nitride*  the 
headings  indicate  the  type  of  reaction  products,  but  not  in  all  cases 
the  stoichiometry 


Compounds* 

M(s.  l)+f  Nj(g) 

M(8)+)Nj(g| 

TiN 

am  4.938 

a-  IZ031 

6- -1.762 

6- -4.190 

ZrN 

am  4.847 

am  ||.936 

bm  -1.091 

bm -5.122 

HfN 

am  4.409 

am  M.707 

bm  -1.901 

bm -5.508 

VN 

am  4.305 

am  11,910 

brn  —1.121 

bm-  3.789 

NbN 

am  3.875 

am  11.753 

bm  -1.194 

bm -5.203 

NbjN* 

am  4.U0 

am  17.064 

bm  — 1.275 

bm  -9069 

TaN 

am  4.187 

am  11.491 

brn- 1.272 

bm  -5.352 

TajN 

am  4.336 

am  19.199 

6-  -1.364 

bm  -9.526 

CrN 

am  3.847 

am  11.667 

bm  -0.594 

bm  -2.669 

Cr,N* 

am  3.590 

a- -18.104 

bm  -0.632 

bm  -4.719 

*  All  A,  values  are  for  the  500  to  1000  K  temperature  range  except 
(a)  which  are  for  the  500  to  2500  K  temperature  range. 


T  ABIE  V  Value*  of  u  and  b  in  I  he  relation  htgK,  =  u  +  ( 10* /»/'/' (for  the  decomposition  reaction*  of  refractory  metal  osides;  the  headings  indicate  the  type  of  reaction  product 
but  not  in  all  case*  the  stoichiometry 
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Figure  6  Equilibrium  constants  of  the  thermodynamically  most 
favourable  decomposition  reactions  of  metal  nitrides  at  2000  1C. 


Ti^Oj  Zr02  Nb02  Nb20j  MoOj  W02 

TijOj  HfOj  Ta20s  WOj 

Figure  8  Equilibrium  constants  of  the  thermodynamically  most 
favourable  decomposition  reactions  of  metal  oxides  at  2000  K. 


M203(s,  1)  =  MOj(s,  1)  +  MO(s,  1)  (24) 

M203(s.l)  =  M02(s,  1)  +  MO(g)  (25) 

M02(s,  I)  =  MO(sJ)  +  J02(g)  (26) 

M02(s,I)  =  MO(g)  +  *02(g)  (27) 

M305(s,  1)  =  2M02(s,  I)  +  MO(s,  1)  (28) 

M305(s,  I)  =  2M02(s,  1)  +  MO(g)  (29) 

MOj(s,  1)  =  M02(s,  1)  +  *02(g)  (30) 

M2Os(s,  1)  -  2M02(s,l)  +  }02(g)  (31) 

The  temperature  dependences  of  the  equilibrium  con* 
stants  for  the  TiO  and  TiOz  decomposition  reactions 
are  shown  in  Fig.  7.  The  a  and  b  values  of  the  linear 
equations  of  the  logKp  and  A G°  values  of  the  re¬ 
fractory  oxides  are  given  in  Table  V.  The  maximum 
log  K„  values  associated  with  the  dominant  decompo¬ 
sition  reactions  of  the  different  refractory  oxides  at 


2  6  10  14  1*  22 

Ttnparotun,  10*/T  (K*,l 

■igure  7  Equilibrium  constants  u  a  function  of  reciprocal  temper* 
iture  for  the  main  solid-fas  phase  decomposition  reactions  of 
riO(s)  and  TiO,(s).  (O)  2TiO(s)  -  2Ti(s,  I)  +  0,(f);  (A)  2TiO(s) 

-  2Ti(f)  +  Ojlffc  CO>  TiOj(s)  -  Tils.  I)  +  0,<ffc  (•)  TiO,(s) 

-  Tiff)  +  0,<f *  ( +  )  mO,(s)  -  2TiO(s,  I)  +  0,(gX  ( O )  2TtO,(s) 

-  morel  *  O.ltl 


2000  K.  are  shown  in  Fig.  8.  It  is  apparent  from  Fig.  8 
that  for  the  same  composition,  the  stabilities  of  group 
IV,  V,  and  VI  oxides  increase  with  increasing  atomic 
number  of  the  metal  within  the  same  group.  Also,  the 
higher  metal  oxides  are  more  stable  than  those  of  the 
lower  oxidation  states. 


4.  Summary  and  conclusions 

The  equilibrium  thermodynamic  computations  sug¬ 
gest  that  at  2000  K.,  V3B4  is  the  most  stable  boride 
followed  by  V2B3  and  HfB2.  Of  the  refractory  car¬ 
bides  and  nitrides,  HfC  and  HfN  are  predicted  to  be 
the  most  stable  compounds.  In  the  case  of  refractory 
oxides,  Ti309  and  Ta2Os  are  the  most  stable  ones 
with  respect  to  decomposition  at  2000  K.  Based  on  the 
thermodynamic  functions  (AG°,  Kp\  the  stabilities  of 
refractory  metal  borides,  carbides,  nitrides,  and  oxides 
are  in  the  order 

oxides  >  borides  >  carbides  >  nitrides 

The  predictions  of  our  thermodynamic  computations 
agree  well  with  experimental  observations  and  with 
other  theoretical  computations  reported  in  the  literat¬ 
ure.  The  thermal  stability  of  materials  is  one  of  the 
most  important  criteria  for  the  selection  of  constituent 
materials  for  high-temperature  composites.  Other  rel¬ 
evant  considerations  include  mechanical  properties, 
density,  vaporization  (mass  loss),  oxidation  and  ther¬ 
mal  shock  resistance. 

The  usefulness  of  our  thermochemical  comput¬ 
ations  is  multifold.  Based  on  the  results  obtained, 
work  is  in  progress  to  estimate  the  vaporization  (mass 
loss)  rates  of  these  materials  under  different  condi¬ 
tions.  In  addition,  the  data  produced  in  this  work 
provide  valuable  guidelines  for  the  selection  of  mater¬ 
ials  and  for  the  prediction  of  their  relative  stabilities  as 
constituents  (fibre,  matrix  and  coatings)  in  composite 
systems.  Corresponding  computations  for  selected 
systems  are  in  progress  in  our  laboratory.  Most  im¬ 
portantly,  these  theoretical  considerations  provide  a 
scientific  basis  for  a  meaningful  modification  of  pre¬ 
sent  and  design  of  new  high-temperature  materials. 
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High  temperature  thermal  and 
environmental  stabilities  of  boron 
nitride,  aluminium  nitride  and 
silicon  nitride  ceramics 

M.  Singh  and  N.  Wledemeler 

The  thermal  and  environmental  stabilities  of  boron  nitride  (BN),  aluminium  nitride  (AIN),  and  silicon 
nitride  (Si3N4)  ceramics  have  been  evaluated  using  thermochemical  modelling.  The  volatility  diagrams 
of  these  materials  have  been  established  at  2000  K.  Master  volatility  diagrams  with  equilibrium 
pressure  of  dominant  vapour  species  at  t400.  1600,  1800  and  2000  K  have  also  been  constructed 
The  phase  stability  diagrams  of  BN  and  Si3N4  have  been  established  to  indicate  the  stability  of  various 
oxide  and  oxynitride  phases  in  equilibrium  with  these  nitrides  at  different  oxygen  and  nitrogen 
pressures.  These  data  show  that  in  order  to  prevent  dissociation  and  volatilization,  nitrogen  over¬ 
pressures  are  required  during  processing  and/or  operation  at  higher  temperatures.  Vaporization  rate 
data  indicate  that  under  congruently  vaporizing  conditions,  the  mass  losses  of  silicon  nitride  are 
greatest,  followed  by  those  of  aluminium  nitride  and  then  boron  nitride 

Keywords:  ceramics;  boron  nitride;  aluminium  nitride;  silicon  nitride;  thermal  stability: 
environmental  stability 


introduction  were  attributed  to  the  formation  of  a  stable  condensed 

oxide  for  aluminium  nitride  and  dissociation  and/or 
In  recent  years,  there  has  been  a  surge  of  interest  in  reactive  formation  of  volatile  oxides  for  boron  nitride 

materials  contair.’ng  borides,  carbides,  nitrides  and  and  silicon  nitride.  Sato  a  al ***  and  Boch  et  a/*9* 

oxides  of  refractory  metals  and  of  silicon,  aluminium  observed  that  the  oxidation  kinetics  of  aluminium 

and  boron  for  a  variety  of  high  temperature  and  nitride  were  promoted  by  water  vapour.  Billy  and 

aerospace  applications.  Some  interesting  properties  of  Desmaison*10*  reported  that  the  thermomechanical 

these  materials  are  their  high  melting  points  and  low  properties  (oxidation,  creep  and  strength)  are  strongly 

densities,  their  high  hardness  and  strength,  and  dependent  on  the  nature  and  amount  of  residual 

resistance  to  oxidation  and  wear*1-21.  Boron  and  intergranular  glassy  phases  present  owing  to  the  use  of 

aluminium  nitride  have  high  thermal  conductivity,  low  densification  additives. 

thermal  expansion  and  good  thermal  shock  resistance.  Most  of  these  experimental  studies  could  not  be 

Applications  for  nitride  ceramics  have  emerged  because  conducted  at  temperatures  of  current  interest  because 

of  their  increasing  use  as  monolithic  and  as  constituents  of  experimental  limitations.  For  these  materials, 

for  high  temperature  and  high  performance  composites.  valuable  predictions  can  be  made  from  thermodynamic 

Boron  nitride  coatings  are  quite  effective  in  preventing  modelling  and  from  computations  of  maximum 

the  chemical  interactions  of  silicon  carbide  fibres  with  possible  dissociation  and  oxidation  rates  at  high 

alumina,  mullite.  zircon  and  some  other  high  tempera*  temperatures.  In  the  present  paper,  the  thermal  and 

ture  oxide  matrices131.  In  addition,  boron  nitride  environmental  stabilities  of  boron  nitride,  aluminium 

toughened  oxide  matrix  composites  have  also  been  nitride  and  silicon  nitride  are  reported.  The  volatility 

considered  for  radome  applications14*.  Silicon  nitride  and  phase  stability  diagrams  of  these  materials  under 

has  been  used  as  matrix  and  reinforcement  (fibres/  different  environmental  conditions  are  discussed.  A 

whiskers)  in  high  temperature  composites.  However.  detailed  understanding  of  the  thermal  and  environ- 

degradation  of  these  nitride  ceramics  has  been  fre-  mental  stabilities  and  of  the  mass  loss  behaviour  is 

quently  observed  at  elevated  temperatures  under  required  for  the  application  of  these  nitrides  as  high 

different  conditions.  temperature  structural  materials.  This  detailed  in- 

The  thermal  stability  and  vaporization  behaviour  of  formation  is  presently  not  available  for  some  of  these 
these  materials  have  been  the  subject  of  numerous  materials, 
experimental  investigations13'4*.  Hildenbrand  and 
Hall*4*  have  investigated  the  vaporization  behaviour  of 

boron  nitride  and  aluminium  nitride  and  observed  that  Tharmochamtcal  conekleraHons 
the  measured  vapour  pressures  of  both  materials  are 

strongly  affected  by  the  effusion  orifice  area.  Jones  A  number  of  materials  are  thermodynamically  unstable 

and  Nicholas*7*  repotted  a  weight  gain  for  the  aluminium  at  high  temperatures  and  in  a  reactive  environment, 

nitride  and  a  weight  loss  for  the  boron  nitride  and  The  rate  and  the  extent  of  the  degradation  depends  on 

silicon  nitride  ceramics  at  1423  K.  These  observations  the  type(s)  and  ratefs)  of  the  reaction(s)  causing  this 
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instability.  We  have  used  thermochemical  modelling  to 
predict  the  occurrence  of  reactions  under  different  high 
temperature  conditions.  Thermodynamic  data  used  in 
the  present  investigation  have  been  taken  from  JANAF 
Tables1' 11  and  from  Barin  and  Knacke1'21.  Based  on  the 
free  energies  and  equilibrium  constants  of  reactions, 
volatility  and  phase  stability  diagrams  have  been 
constructed  at  different  temperatures.  Individual 
chemical  reactions  were  considered  to  analyse  the 
effect  of  different  vapour  species.  For  the  vaporization 
rate  calculations,  the  Hertz-Knudsen  equation  has 
been  used1'31.  The  combined  information  obtained 
from  these  computations  will  contribute  to  the  better 
understanding  of  the  thermal  behaviour  of  these 
ceramic  materials. 


Rasutts  and  tHacuealon 

Based  on  common  experience  and  on  available 
literature  data1'41,  stability  criteria  for  different  materials 
relative  to  decomposition  have  been  established. 
Vapour  or  dissociation  pressures  of  about  10“6atm  or 
less  present  no  long-term  problems.  However,  vapour 
pressures  of  about  10" 3  atm  or  higher  are  excessive  and 
may  cause  damage  and  failure  of  the  components. 
Thus,  vapour  pressures  of  about  10~5  atm  may  be  taken 
as  an  upper  bound  safe  limit  However,  these  criteria 
are  qualitative  guidelines  and  individual  materials 
have  to  be  evaluated  under  actual  application 
conditions. 


Thermodynamic  calculations  for  the  decomposition 
and  vaporization  of  boron  nitride  are  based  on  the 
following  dominant  reactions: 


BN(s)  -  B(s)  +  $  N2(g) 

(1) 

BN(s)  -  BN(g) 

(2) 

and 

BN(s)  *  B(g)  +  J  Nj(g). 

(3) 

Because  of  the  relatively  low  stability  of  gaseous  boron 
nitride  and  the  very  high  stability  of  the  nitrogen 
molecule,  solid  boron  nitride  vaporize  primarily 
according  to  reactions  (1)  and  (3).  Schissel  and 
Williams'31  observed  the  elemental  species  by  using 
mass  spectroscopy.  X-ray  diffraction  analysis  of  partially 
decomposed  boron  nitride  samples  by  Hiidenbrand 
and  Hall161,  showed  no  indication  of  crystalline  boron, 
and  they  concluded  that  the  decomposition  reaction 
leading  to  amorphous  boron  and  nitrogen  may  be 
favourable. 

The  volatility  diagram  of  the  B-N  system  at  2000  K  is 
given  in  Figure  I.  From  this  diagram  it  is  evident  that  at 
nitrogen  pressures  above  1  atm.  BN(g)  is  the  dominant 
species.  At  nitrogen  pressures  below  I  atm.  B(g)  is 
dominant  At  a  nitrogen  pressure  of  about  I0"4  atm. 


Log  P  Ng  (atm) 

Agere  1.  Equilibrium  partial  pressures  of  B<g)  and  BN(g)  ovtt 
BNfs)  or  B<s)  as  a  function  of  nitrogen  partial  pressure  at 
2000  K 


Agere  2.  Equilibrium  partial  pressures  of  B(g)  and  BN(g)  over 
BNfs)  or  B(s)  as  a  function  of  nitrogen  partial  pressure  at  different 
temperatures 


B(g)  reaches  saturation  pressure,  and  at  lower  nitrogen 
pressures.  BN(g)  decomposes.  The  equilibrium  pressure 
lines  of  the  dominant  species  for  the  vaporization  of 
the  B-N  system  at  different  temperatures  and  nitrogen 
pressures  are  given  in  Figure  2.  At  the  points  a  b.  c.  d 
and  e  on  the  partial  pressure  lines,  the  dominant 
vapour  species  changes  from  BN  to  B.  The  vertical  lines 
in  Figures  I  and  2  indicate  the  saturation  pressure  of 
boron  at  corresponding  temperatures.  At  a  given 
temperature,  if  the  nitrogen  pressures  are  higher  than 
those  corresponding  to  the  vertical  lines,  boron  nitride 
is  stable.  The  partial  pressures  of  BN  and  B  are  lower 
than  I0"3  atm  up  to  2000  K  and  reach  critical  limits  at 
about  2400  K.  This  indicates  that  significant  mass 
losses  could  occur  due  to  decomposition  at  about 
2400  K. 

Another  criterion  for  the  use  of  boron  nitride  at  high 
temperatures  is  its  reaction  with  oxygen.  Phase  stability 
diagrams  are  very  useful  to  determine  the  stability 
range  of  various  solid  phases  at  different  temperatures 
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and  pressures.  In  the  present  case,  two  temperatures 
(1600  and  2000  K)  have  been  considered.  The  dominant 
chemical  reactions  of  boron  and  boron  nitride  with 
oxygen  considered  here  are: 

B(s)  +  $  02(g)  =>  { B2Oj(1)  (4) 

BN(s)  +  i  02(g)  -  {  B203(1)  +  J  N2(g).  (5) 

In  a  three  component  system,  three  solid  phases  can  be 
in  equilibrium  at  a  fixed  temperature  and  pressure. 
There  are  no  thermodynamic  data  reported  in  the 
literature  on  the  boron  oxynitride  phase.  Based  on  the 
phase  rule,  one  invariant  point  exists  in  the  B-N-O 
system,  which  involves  B.  BN  and  B2Oj.  The  phase 
stability  diagram  of  the  B-N-O  system  in  Figure  3 
indicates  that  decomposition  and  oxidation  of  BN  at 
2000  K  can  be  prevented  at  oxygen  pressures  lower 
than  8.7  x  10' 15  atm  and  at  nitrogen  pressures  higher 
than  1.3  x  10~4.  Boron  nitride  is  also  stable  at  lower 
temperatures  and  nitrogen  pressures,  but  at  very  low 
oxygen-containing  environments.  The  oxygen  pressures 
required  to  have  stable  BN  depend  on  the  nitrogen 
pressures  (Figure  3). 


The  dominant  decomposition  and  vaporization  reac¬ 
tions  of  aluminium  nitride  considered  are: 


AlN(s)  -  Al(sJ)  +  \  N2(g) 

(6) 

AlN(s)  -  AlN(g) 

(7) 

and 

AlN(s)  »  Al(g)  +  {  N2(g). 

(8) 

Schissel  and  Williams*51  observed  mass  spectro- 
metrically  that  AIN  vaporizes  to  form  gaseous  A1  and 
N2.  This  observation  suggests  that  the  vaporization 
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1 4.  Equilibrium  partial  pressures  of  Al(g)  and  AlN(g)  over 
AINfe)  or  Al(l)  as  a  function  of  nitrogen  partial  pressure  at 
2000  K 


reaction  (8)  is  dominant  Hildenbrand  and  Hall*61 
reported  no  change  in  the  lattice  constants  of  aluminium 
nitride  with  amount  vaporized  and  concluded  that  the 
process  must  be  essentially  congruent  The  volatility 
diagram  of  the  Al-N  system  at  2000  K  in  Figure  4 
shows  that  Al(g)  is  the  major  species  at  all  nitrogen 
pressures.  At  atmospheric  nitrogen  pressure  (and 
below),  the  partial  pressure  of  A1  reaches  critical  limits 
at  2000  K.  The  equilibrium  pressures  of  Al(g)  at  four 
different  temperatures  are  shown  in  Figures.  The 
vertical  lines  in  Figures  4  and  5  indicate  the  saturation 
pressures  of  aluminium.  From  the  volatility  diagram 
(FigureS),  nitrogen  partial  pressures  required  to 
minimize  aluminium  mass  losses  can  be  estimated  at 
different  temperatures.  The  stability  of  AIN  is  deter¬ 
mined  fora  given  temperature  by  the  nitrogen  pressure. 

The  dominant  reactions  of  Al(l)  and  AlN(s)  with 
oxygen  are 

AKD  +  jOj^-jAlAfs)  (9) 


Lm  *o«  «•»•> 


ngur*  a.  The  pftaaa  stability  diagram  for  the  S-N-0  system  m 
terms  of  nitrogen  and  oxygen  penial  praaaurea  at  1800  K  (solid 
Mnea)  and  2000  K  (dotted  lines) 


Mgers  L  EquMbrlum  partial  pressures  of  A!(g)  over  AlN(s)  or 
AHI)  as  a  function  of  nitrogen  partial  pressure  at  different 
temperatures 
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AlN(s)  +  \  02(g)  -  $  A1j03(s)  +  J  N2(g).  (10) 

Some  reports  in  the  literature  indicate  the  existence  of 
aluminium  oxynitrides.  Thermodynamic  data  for  these 
compounds  are  not  available.  The  Gibbs  free  energy 
changes  (AG°)  or  reactions  (9)  and  (10)  indicate  that 
these  reactions  are  more  favourable  than  those  of 
boron  and  boron  nitride  with  oxygen  (reactions  (4)  and 
(5)). 

AM 

Decomposition  of  silicon  nitride  occurs  during  pro* 
cessing  and  operating  conditions  at  high  temperatures. 
During  the  sintering  of  silicon  nitride.  Lange1 1S| 
observtd  moderate  to  severe  mass  losses  depending  on 
the  temperature,  vacuum  (oxygen  pressure)  and  nitrogen 
pressure  applied  during  sintering.  The  vaporization 
reactions  leading  to  mass  losses  can  also  yield  un¬ 
desirable  compositional  changes.  The  dissociation  of 
silicon  nitride  to  condensed  silicon  and  N2  occurs 
according  to  the  reaction1'61: 

SijN4(s)  *  3  Si(sJ)  +  2  N2(g).  (11) 

The  equilibrium  constants  of  reaction  (11)  as  a 
function  of  temperature  indicate  that  the  nitrogen 
pressure  reaches  1  atm  at  about  2150  K. 

The  vaporization  behaviour  of  silicon  nitride  is 
quite  complex  and  the  possible  reactions  include: 


Si3N4(s)»3Si(g)  +  2N2(g) 

(12) 

Si3N4(s)HSi2(g)  +  2N2(g) 

(13) 

Si3N4(s)«Si3(g)  +  2Nj(g) 

(14) 

Si3N4(s)  *  3  SiN(g)  +  $  N2(g) 

(15) 

and 

Si3N4(s)  *  j  Si2N(g)  +  J  N2(g). 

(16) 

The  partial  pressures  of  the  various  vapour  species  in 

reactions  ( 1 2)  to  ( 16)  as  a  function  of  nitrogen  pressure 
at  2000  K  in  Figure  6  show  that  the  predominant 
vapour  species  over  SijN«  are  SiN(g)  and  Si(g).  At 
2000  K.  the  partial  pressures  of  Si(g)  reach  critical 
limits  (Figure  6)  based  on  general  criteria1141.  The 
volatility  diagram  of  the  Si-N  system  for  the  equilibrium 
pressures  of  the  dominant  species  at  four  different 
temperatures  is  given  in  Figure  7.  At  the  points  a  b.c 
and  d  on  the  partial  pressure  lines,  the  dominant 
vapour  species  changes  from  SiN  to  Si.  The  vertical 
lines  in  Figures  6  and  7  indicate  the  saturation 
pressures  of  silicon.  These  volatility  diagrams  indicate 
that  the  dissociation  and  vaporization  of  silicon  nitride 
can  be  suppressed  at  high  temperatures  by  applying 
high  nitrogen  pressures. 

In  addition  to  the  decomposition  and  volatilization, 
chemical  interactions  of  silicon  nitride  with  oxygen 
occur  under  processing  and  application  conditions  at 
high  temperatures11’  1,l  The  dominant  chemical  reac¬ 
tions  of  silicon  nitride  with  oxygen  considered  are 

Si3N4($)  +  3  02(g)  -  3  SiOj(sJ)  +  2  N2(g)  (17) 


npm  ft.  Equilibrium  penial  pranurw  of  various  Si-c obtaining 
apaclaa  ovar  SIjN4(s)  or  Si(l>  as  a  function  of  nitrogen  partial 
pressure  at  2000  K 


Figure  T.  Equilibrium  partial  pressures  of  SHg)  and  SlNfg)  over 
SIjN4(s)  or  SKs.1)  as  a  function  of  nitrogen  partial  pressure  at 
different  temperatures 


SijN4(s)  +  \  02(g)  -  3  SiO(g)  +  2  Nj(g)  (18) 
4  SijNa(s)  +  3  02(g)  *  6  SijNzOfs)  +  2  N:(g)  ( 19) 

2  Si2N20(s)  +  3  02(g)  -  4  SiOjfs)  +  2  Nj(g)  (20) 
and 

2  Si2N20(s)  -  4  Si(sJ)  +  2  N2(g)  +  02(g).  (21) 

Thermodynamic  data  for  silicon  oxynitride  have  been 
taken  from  Hendry1'91.  Based  on  the  phase  rule  and 
thermochemical  data  for  reactions  (17M21).  the  phase 
stability  diagram  of  the  Si-N-O  system  has  been 
established  at  various  oxygen  and  nitrogen  partial 
pressures  in  Figure  8.  Two  invariant  points  exist  in  the 
Si-N-O  system.  One  involves  Si.  SijN4.  and  SijN20. 
and  the  other  involves  Si.  Si2N20  and  SUX  The  solid 
and  dotted  lines  in  Figure  8  correspond  to  1600  and 
2000  K,  respectively.  It  is  evident  from  Figure  8  that 
high  nitrogen  pressures  are  required  to  maintain 
silicon  nitride  as  a  stable  phase  at  these  temperatures, 
and  to  prevent  the  formation  of  silicon  oxynitride 
(S12N2O).  At  1600  K.  silicon  nitride  is  stable  at  pressures 
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Figure  •.  The  phase  stability  diagram  tor  the  Si-N-0  systam  In 
farms  of  nitrogan  and  oxygan  partial  prassuraa  at  1600  K  (solid 
linos)  and  2000  K  (dottad  llnas) 


of  P N,  =  4.9  X  10-4  atm  and  PG ,  =  2.6  X  10"a  atm  or 
higher.  These  conditions  change  to  PN,  =  1.12  atm  and 
Po,  =  1.6  x  10-20  atm  at  2000  K.  If  the  oxygen  pressure 
increases,  nitrogen  overpressures  are  required  to 
prevent  formation  of  oxynitride  and  oxide  phases. 

For  comparison  purposes,  from  the  equilibrium 
constants  of  reactions  ( 1 ).  (6)  and  (11).  the  equilibrium 
partial  pressures  of  nitrogen  have  been  plotted  at  two  B, 
A1  and  Si  activities  (a  =  1.  0.01)  in  Figure  9.  At  both 
activities  of  B.  A1  and  Si.  the  nitrogen  partial  pressures 
from  the  decomposition  of  silicon  nitride  are  several 
orders  of  magnitude  higher  than  the  nitrogen  partial 
pressures  resulting  from  the  boron  nitride  and 
aluminium  nitride  decomposition.  These  data  indicate 
that  aluminium  nitride  is  more  stable  than  boron 
nitride  and  silicon  nitride.  However,  if  the  activities  of 
B.  A1  and  Si  are  less  than  unity  (a  =  0.01),  then  the 
nitrogen  pressure  increases  by  several  orders  of  mag¬ 
nitude.  This  indicates  that  any  solid  solution  or 
compound  formation  of  B.  A1  and  Si  will  increase  the 
tendency  of  these  nitrides  to  decompose. 


Figure  t.  EquMbfium  partial  preaauraa  of  nitrogan  aa  a  function 
of  tamparattira  at  two  actMttea  of  B,  A!  and  81  (aoM  Nnaa  (a  •  1). 
dottad  llnaa  (a  •  0.01)) 


VtportMKUon  bHtatrtour 

The  two  main  reasons  for  the  mass  loss  of  these 
materials  at  high  temperatures  are  dissociation  to  their 
elemental  species  and/or  formation  of  volatile  oxides 
in  the  presence  of  oxygen.  Hildenbrand  and  Hall161 
reported  that  the  vaporization  of  AIN  is  congruent  in 
the  temperature  range  1780-1970  K.  The  vaporization 
behaviour  of  other  nitrides  is  not  available  in  the 
literature  for  the  temperature  range  considered  here. 
The  vaporization  (mass  loss)  rates  of  these  nitrides  can 
be  computed  by  using  the  Hertz-Knudsen  equation  of 
classical  kinetic  theory1'31  for  free  or  vacuum  evapora¬ 
tion  conditions.  The  present  estimations  are  based  on 
two  assumptions;  namely,  the  vaporization  of  these 
materials  is  congruent  according  to  reactions  (3).  (8) 
and  (12).  and  equilibrium  vapour  pressures  are 
exhibited  under  free  vaporization  conditions.  Because 
of  the  latter  assumption,  the  estimated  mass  losses 
represent  maximum  values.  Based  on  the  above,  the 
masses  of  the  two  elements  leaving  the  surface  have  the 
relation 

wB  _  wtB  Mn,  _  2 

nNj  Mb  wtN2  1  1  * 

and  the  mass  of  each  constituent  leaving  unit  area  of 
the  solid  in  unit  time  is  obtained  from  the  Knudsen 
equation 

Mass  loss  of  B  =  44.3  PB  (23) 

Hence 


=  f^h),/2  u  2 

Pn2  \M%)  1 

p  . 


(24) 

(25) 


/>Nz  =  0.804  PB.  (26) 

Substitution  of  the  value  of  PN,  in  the  expression  for  the 
equilibrium  constant  of  reaction  (3)  yields 

*3  =  0.897^.  (27) 

By  using  equation  (27).  PB  can  be  determined.  The  total 
mass  loss  per  unit  area  of  the  solid  BN  is  then  the  sum 
of  the  masses  of  B  and  N2  lost  during  evaporation 

Total  mass  loss  =  44 J  (M^2  +  0.897  Afj^). 

(28) 


By  using  the  same  approach,  partial  pressures  and 
equilibrium  constants  for  AIN  and  Si}N«.  the  corres¬ 
ponding  expressions  are 

Kt  -  0.713  P%  (29) 

and 

AT,  j  -  0.444 (30) 

A  plot  of  the  mass  loss  rates  versus  temperature  is  given 
in  Figure  10.  The  mass  loss  of  silicon  nitride  is  greatest 
followed  by  that  of  aluminium  nitride  and  boron 
nitride.  The  experimental  mass  losses  reported  by 
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ngur*  10.  Maximum  vaporization  rataa  of  BN.  AIN,  and  SijN,  aa 
a  function  of  tamporaturo 


Jones  and  Nicholas171  at  1423  K  for  boron  nitride  and 
silicon  nitride  are  6.2  X  10_8and4.5  X  10~8  gem-2 
respectively.  Based  on  our  estimations,  the  mass  loss  of 
silicon  nitride  at  1400  K  is  2.88  X  10-7  g  cm-2  s-1,  i.e. 
greater  than  observed,  which  is  consistent  with  the 
above  assumptions.  For  boron  nitride,  our  computed 
value  is  a  few  orders  of  magnitude  lower  than  the 
observed  one.  This  discrepancy  is  not  consistent  with 
expectations  and  could  indicate  mass  losses  caused  by 
other  than  'pure'  vaporization  processes  in  the  experi¬ 
mental  investigations. 


Conclusions 

The  construction  and  use  of  volatility  diagrams 
showing  the  partial  pressures  of  gaseous  species  in 
equilibrium  with  condensed  phases  for  B-N.  Al-N  and 
Si-N  systems  are  discussed.  Boron  nitride  is  quite 
stable  at  2000  K  with  respect  to  dissociation,  but 
significant  mass  losses  could  occur  at  about  2400  K. 
For  aluminium  nitride  and  silicon  nitride,  dissociation 
pressures  reach  critical  limits  depending  on  the 
nitrogen  pressures.  The  phase  stability  diagrams  of  the 
B-N-O  and  Si-N-O  systems  at  1600  and  2000  K  indicate 
that  nitrogen  overpressures  are  required  to  prevent 
dissociation  and  oxidation  of  boron  nitride  and  silicon 
nitride  depending  on  the  processing  and  operating 
conditions.  In  addition,  it  is  estimated  that  under 
congruent  vaporization  conditions,  mass  loss  of  silicon 
nitride  is  greatest  followed  by  aluminium  nitride  and 
boron  nitride. 
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S1C/A1N  and  Sl^/AlN  SOLID  SOLUTIONS  FROM  ORCANOMETALLIC  PRECURSORS. 
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Abstract 

Solid  solutions  of  SiC  and  AlN  have  been  prepared  by  the  co-pyrolysis 
of  polysilanes  and  organoaluminum  aaides.  In  the  presence  of  aoaonia,  Si^N^ 
and  AlN  are  formed.  These  materials  are  fully  characterized  by  TEM.  SAD, 
SEM,  XRPD,  and  elemental  analyses.  The  influence  of  reaction 
conditions,  as  well  as  precursor  properties  and  reactivity,  on  the 
composition  and  morphology  of  these  aaterials  is  addressed. 


IntiotiucUcn 

A  constraint  on  the  use  of  SIC  in  high  temperature  applications  is  the 
existence  of  cubic  (5-SiC,  3C)  ,  hexagonal  (a-SiC,  2H,  4H,  6H)  ,  and 
rhorabohedral  ("a-SiC".  15R.  21R)  polytypes  of  SiC  having  one  or  more  phase 
transformations  between  1400  and  2200*C.  These  phase  transformations  often 
result  in  undesirable  chenges  in  microstructure,  including  exagereced  grain 
growth  [1],  AlN  is  a  good  candidate  for  phase  stabilization  of  and  solid 
solution  formation  with  SiC  because  its  only  form  is  isostructural  with  the 
wur trite  (hexagonal,  2H)  form  of  SIC  and  is  closely  latticed  matched. 

The  prospect  of  alloying  SiC  with  other  covalently  bonded  refractory 
materials,  such  as  AlN,  to  achieve  mlcrostructural  control  or  alter 
properties  has  previously  been  noted  and  realized  under  certain  conditions 
[1-8].  SiC/AlN  solid  solutions  have  been  prepared  by  hoc  pressing  mixtures 
of  a-SiC  with  AlN  [2,3] .csrbothermal  reduction  of  silica  and  alumina 
powders  [4],  sintering  [ 5 J .  and  vapor  deposition  processes  [6]. 

Several  observations  regarding  the  formation  and  mleroscructure  of 
SiC/AlN  solid  solutions  emerge  from  these  studies.  First,  it  is  difficult 
to  prepare  homogeneous  single  phase  SIC  solid  solutions  at  "low* 
temperatures  (less  chan  2300®C) .  Second,  large  gradients  in  composition 
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typically  exist  within  solid  solutions  and  individual  grains.  Finally,  the 
microstructure  and  composition  of  the  resulting  materials  is  highly 
sensitive  to  the  nature  of  the  starting  materials,  processing  conditions, 
and  impurities,  such  as  oxygen,  nitrogen,  and  metal  ions. 

The  use  of  organometallic  presursors  to  SiC/AIN  composites  and  solid 
solutions  may  overcome  some  of  these  difficulties.  We  have  applied  this 
approach  to  the  preparation  of  SiC/AlN  ceramics  by  the  co-pyrolysis  of 
molecularly  mixed  organometallic  presursors  to  SiC  and  AlN  [9,10].  Slow 
pyrolysis  of  a  mixture  of  polysilane  or  carbosilane  with  an  organoaluminum 
amide  leads  to  a  composite  of  2H-A1N  with  3C-SIC,  which  transforms  into  a 
single  phase  2H-S1C/A1N  solid  solution  on  heating  to  2000°C.  Heating  the 
same  precursors  and  precursor  mixtures  under  ammonia  at  1000°C  yields  Si  N 

3  4 

and  mixtures  of  Si^  with  AIN,  respectively.  Improved  ceramic  yields  for 
the  mixed  precursor  systems  suggested  that  chemical  interaction  of  the  SIC 
and  AlN  precursors  or  their  pyrolysis  products  may  occur  at  some  point  in 
the  pyrolysis. 

The  information  obtained  from  the  co-pyrolysis  and  TCA  studies 
suggested  that  phase  separation  might  be  avoided  by  carrying  out  the 
pyrolysis  at  elevated  temperatures,  where  the  rates  of  pyrolysis  of  both 
precursors  were  sufficiently  high.  Herein,  we  report  on  our  efforts  to 
prepare  SiC/AlN  solid  solutions  at  temperatures  less  chan  1600 °C  by  a  rapid 
pyrolysis  or  "hoc-drop"  approach. 

ExpcrimsaMl 

Alkylaluminua  amide  compounds,  [R^AlNH^,  where  R-echyl  or  isobucyl, 
were  employed  as  the  precursor  to  AlN.  These  colorless,  air-sensitive,  oily 
liquids  decompose  on  heating  in  an  ammonia  atmosphere  to  yield  high  purity 
AlN  in  a  two  step  process.  The  first  step  occurs  at  temperatures  between 
110  and  200°C  and  results  in  the  formation  of  an  insoluble  aluminum  imide 
polymer  and  one  mole  of  alkane  gas.  Subsequent  heating  of  this  polymer  to 
1000*C  under  an  ammonia  atmosphere  yields  AlN  containing  less  chan  0.5b 
residual  C  and  0  [11].  A  polysilane  polymer,  provided  by  C.  Schilling  at 
Union  Carbide  [12],  [(Me  Si)  (CH  CHSIMe)  (Me  Si)  ]  ,  served  as 

the  source  of  SiC.  Both  compounds  were  handled  and  stored  in  a  nitrogen 
filled  glove  box. 

In  a  typical  "hot-drop*  experiment,  1.60g  of  Schilling's  polymer  (SF) 
and  2.61  g  of  [Et^AlNH^,  9.70  x  10°and  8.00  x  10*’  moles  respectively, 
were  mixed  in  a  nitrogen  filled  glove  box  for  30  minutes  at  room 
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temperature.  The  clear  liquid  mixture  is  then  transferred  to  a  5.0  mL 

syringe,  whose  tip  is  covered  with  a  septum.  The  quartz  stage  of  the 

reactor  was  heated  to  the  desired  temperature- -500  to  700°C--in  a  sand 

bath,  then  flushed  with  ammonia.  The  needle  was  then  pushed  through  the 
small  septum  and  a  septum  on  the  reactor  in  one  motion.  The  precursor 
mixture  was  dropped  onto  the  stage  over  a  45  minute  period,  while  flowing 
ammonia  into  the  reactor  at  a  rate  of  50  cc/min.  A  solid  white  product  was 
obvserved  immediately  on  addition.  After  two  hours  of  heating  under 
ammonia,  nitrogen  gas  was  introduced  into  the  system  and  heating  was 
continued  for  four  hours.  The  reactor  was  then  cooled  to  room  temperature 
and  transferred  to  a  nitrogen  filled  glove  box,  where  the  white  solid  was 
removed  and  placed  in  a  molybdenum  boat  enclosed  in  a  quartz  tube  for 
further  heating  to  1000°C.  The  products  at  this  stage  are  poorly 
crystalline  black  solids,  which  required  further  heat  treatment  at 
1400-1800°C  to  develop  sufficient  crystallinity  for  analysis  and  remove 

excess  carbon. 

Solid  products  were  analyzed  by  TEH,  SAD,  SEM,  electron  microprobe, 
x-ray  diffraction,  and  chemical  analyses  [13].  Pyrolysis  behavior  was 
studied  by  TCA  and  GC  analyse*  of  the  pyrolysis  gases.  Variable  temperature 
lH.  13C.  and  l*Si  NMR  studies  were  carried  out  on  samples  of  SP, 
[EtAlNHI  ,  SP  ♦  [Et  AlNH  ]  (CH -CH)  SiMe  ♦  [Et  AlNH  ]  ,  and  Me  Si- SiMe 

223  223  222  22  3  3 

+  [Et  AlNH  ]  dissolved  in  benzene-d  or  toluene-d 

2  2  3  o  9 

Results  and  Dlscuasifln 

Analyse*  of  the  solid  product  of  the  co-pyrolysis  of  a  1:1  mixture  of 
Schilling's  polymer  and  [ Et^AlNH^  ^  by  the  "hot  drop”  approach  indicates 
direct  formation  of  2H-SIC/A1N  solid  solutions.  XRD  data  of  the  product, 
after  heating  to  1790°C  under  nitrogen,  shows  only  2H-type  lines.  These 
lines  are  relatively  broad,  suggesting  poor  crystallinity  or  a  range  of 
2H-S1C/A1N  compositions.  The  apparent  existence  of  two  peaks  in  the  x-ray 
Intensity  region  between  the  2H-S1C  and  2H-A1N  reference  positions  suggests 
that  two  main  solid  solution  compositions  may  be  present  ,  as  shown  in 
Figure  1.  Lines  for  other  SIC  polytypes  and  0-Sl^  are  absent.  Similar 
lines  were  much  broader. 

The  existence  of  two  separate  2H-S1C/A1N  solid  solution  phases  is 
corroborated  by  electron  microprobe,  TEH,  and  SAD  analyses.  Electron 
microprobe  indicates  a  non-uniform  distribution  of  Si  and  Al  within  and 
between  individual  grains,  with  Al:Si  ratios  varying  batveen  1:1.2  and 
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1:1.6.  TEM  analysts  lndlcaca  cha  prasanea  aluminum  and  silicon  rich 
parelclas,  with  Si:Al  ratios  in  cha  range  of  1:10  and  2.5:1.  raspactivaly . 
Thara  ara  larga  compositional  variations  batvaan  partlclas;  hovavar , 
both  axhlblt  vurtzlca  diffraction  pattams  as  obsarvad  by  SAD. 

Elamancal  analysts  of  cha  1790*C  sampla  gava  Anal,  calcd.  for  SiC/AlN: 
Si.  34.64%;  C.14.76%;  Al.  33.19%;,  N,  17.23%.  Found:  Si.  39.71%;  C,  17.22%; 
Al.  27.20%;  N,  15.72%.  Thasa  data  suggasts  chat  volaclla  Al  and  N  containing 
products  ara  balng  removed  from  tha  reactor  during  pyrolysis.  An 
indapendanc  analysis  for  oxygen  on  Cha  same  sampla  [13],  giving  a  value  of 
2.98%. 

Solid  products  obtained  at  600  and  1000°C  vara  found  to  ba 
non-crystalline  by  x-ray  and  alaccron  diffraction.  TEM  analyses  show  that 
cha  products  are  featureless.  In  all  eases  SEN  data  indicate  chat  cha 
products  ara  made  up  of  highly  agglomerated,  irregularly  shaped  particles. 

Tha  detailed  dependence  of  cha  produce  composition  and  phase 
distribution  on  process  variables  such  as  structure ,  oxygen  content,  and 
relative  amount  of  the  two  precursors,  eamparstura  of  cha  quartz  reactor, 
and  Cha  use  of  ammonia  or  nitrogen  at  various  stages  of  cha  pyrolysis  is 
still  under  investigation.  Recane  experiments  suggest  that  virtually  any 
desired  phase  in  cha  Sl-C-Al-O-R  system  can  ba  obtained  by  proper  control 
of  chase  variables.  In  addtlon  to  our  work  in  the  SiC/AIN  and  Si^/AlN 
system  [12],  ve  have  recently  discovered  chat  the  product  of  "hot-drop” 
reactions,  carried  out  at  640*C  under  ammonia,  using  precursors  which 
apparently  contain  appraciabla  oxygen,  is  4'-SlAlON.  This  assignment  is 


based  on  XRD  of  the  produce  after  hearing  in  nitrogen  to  1490°C,  and 
supported  by  elemental  analysis. 

A  second  area  of  interest  has  been  the  exploration  of  the  chemistry 
associated  with  the  transformation  of  SP  and  [Et^AlNH^  to  a  SiC/AlN  solid 
solution.  TGA  data  indicate  that  mixtures  of  Schilling's  polymer  and 
[Ec^AlNH^  have  a  higher  ceramic  yield  than  would  be  predicted  based  on 
individual  ceramic  yields  [10].  GC  analyses  of  the  pyrolysis  products  of 
the  precursor  mixture,  as  compared  to  the  pyrolysis  products  of  SP  or 
[Et^AlNHJj,  indicate  that  the  precursors  are  reacting  with  one  another 
during  pyrolysis. 

Variable  temperature  solution  NMR  studies  were  carried  out  to  gain 
insight  into  the  nature  of  this  reactivity.  On  heating  [Et^AlNH^]^  in 

tol'  e-d^  .olution  from  60-120°C  in  the  NMR  probe,  the  conversion  of 

[Et^  .1  to  a  new  but  chemically  similar  species  is  observed.  The 

conversion  is  reversible;  after  allowing  the  sealed  NMR  tube  to  stand 

overnight  at  room  temperature,  the  original  spectrum  of  [Et^AlNH^  is 
obtained.  This  process  is  not  observed  when  [Et^AlNH^  is  heated  to  120°C 
as  a  neat  liquid,  then  dissolved  in  toluene-d  .  This  provides  evidence  for 
the  formation  of  a  solution  stabilized  intermediate  during  the  conversion, 
perhaps  monomeric  EtjAlNHj . 

On  heating  [Ec^AlNHJj  with  SP  in  toluene-d^  between  60  and  120°C,  the 
conversion  of  the  trlmer  to  a  new  species  is  observed.  This  conversion  is 
accompanied  by  changes  in  the  vinyl  region  of  the  lH  NMR  and  l3C  spectra, 
suggesting  the  reaction  of  SP  with  some  "Et  AlNH  "  species  in  solution. 

29  *  * 

Changes  in  the  Si  spectrum  for  the  Si  bound  to  a  vinyl  group  support  this 
observation.  Finally,  in  a  modal  study  for  this  process,  the  reaction  of 
che  vinyl  group  of  (CHj-CH)jSiMej  with  [Et^AlNHJ }  in  benzene -d^  solution 
was  observed. 

It  is  Important  to  note  that  although  GC  data  suggest  that 
Schilling’s  polymer  and  (E^AINH^  react  during  pyrolysis,  this  reactivity 
was  not  observed  In  NMR  spectra  taken  after  the  precursors  were  mixed 
and  heated  as  a  neat  liquid  to  120°C,  then  dissolved  in  solution.  Solid 
state  and  solution  NMR  studies,  aimed  at  providing  insight  into  these 
differences  In  reactivity,  are  currently  in  progress. 


Flnancisl  support  for  this  work  was  provided  by  the  Air  Force  Office 
of  Scientific  Research  under  Contrect  No.  F49620-8S*k>0019  and  che  Office 
of  Naval  Research/DARPA  under  Contract  No.  N00014-86-k-0770. 
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OXIDATIVE  STABILIZATION  OF  3L’LK  CAR30NCS0US  MATERIALS 
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1.  Rensselaer  Polytechnic  Institute,  Troy,  N .  Y. 
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INTRODUCTION 

Oxidative  stabilization  is  a  process  that 
converts  a  thermoplastic  mesophase  pitch 
into  a  thermosetting  solid.  In  the  past, 
this  thermosetting  technique  has  been 
used  to  prevent  the  melting,  viscous  flow 
and  microstructural  changes  in  the 
production  of  carbon  fibers.  In  order 
for  stabilization  to  thermoset  bulk 
mesophase  pitches,  oxygen  must  diffuse  to 
reaction  sites  where  reaction  occurs.  In 
crying  to  understand  the  reactions  that 
lead  to  stabilization  the  effects  of 
environment,  temperature,  and  time  on  the 
diffusion  of  oxygen  in  a  mesophase  pitch 
system  have  been  quantified. 

EXPERIMENTAL  PROCEDURE 

Particles  of  a  solvent  fractionated 
Ashland  A240  petroleum  pitch  were  used  in 
this  study.  The  350  jim  mesophase 
particles  were  stabilized  in  a  Mettler 
TA1  thermogravimetric  analyzer  (TGA)  in 
oxygen  and  air  environments.  50  mg 
samples  were  heated  at  10  c/min  to 
temperatures  of  220,  240,  260,  280  and 
300C.  In  a  later  experiment  after  4 
hours  of  exposure  at  300C  in  oxygen  a 
vacuum  removed  the  oxidizing  environment 
and  was  replaced  by  an  argon  environment 
at  temperatures  of  220,  260,  and  300C. 

The  heat  treated  samples  have  been 
mounted,  polished  and  their  oxygen 
profiles  obtained  using  a  JEOL  733 
electron  microprobe  calibrated  for  oxygen 
analysis  with  a  probe  diameter  of  2  pm. 
The  calibration  of  the  microprobe  for 
oxygen  analysis  was  set  using  a  silica 
standard  and  verified  on  polished  beads 
of  Poly  p-phenylene  ether  sulphone  (20.5 
wt%  0)  and  propanoic  acid  (8.9  wt%  0). 


RESULTS  AMO  DISCUSSION 

The  change  in  weight  percent  versus  time 
as  a  function  of  temperature  for  air  and 
oxygen  environments  have  been  determined 
by  thermogravimetric  analysis  (Figures  1 
and  2) .  In  both  environments,  the 
samples  heat  treated  at  lower 
temperatures  (220  and  2400  show  net 
weighe  gains  only.  The  samples  heat 
created  to  higher  temperatures  (260,  280, 
and  3000  show  both  net  weight  gains  and 
losses.  At  higher  temperatures  the 
samples  in  both  cases  lose  a  significant 
portion  of  the  weight  gained  while  at  the 
lower  temperatures  the  samples  maintain 
their  weight  over  time.  The  samples 
created  in  the  oxygen  environment  show 


increases  in  the  net  weight  gain  and 
accelerated  behavior  when  compared  to 
samples  treated  in  air  (Figure  3)  . 

Two  general  trends  are  observed  when 
comparing  the  oxygen  profiles  of  the 
oxygen  treated  versus  air  treated  samples 
(Figures  4  and  5) .  The  first  is  that  the 
oxygen  environment  samples  have  a  higher 
weight  percent  oxygen  throughout  the 
probed  distance.  The  second  is  that 
oxygen  is  found  to  greater  depths  in  the 
oxygen  treated  sample.  Additionally,  the 
higher  temperature  samples  (260,  280,  and 
300C)  in  either  environments  have  higher 
maximum  weight  percents  of  oxygen  than 
the  lower  temperature  samples  (220  and 
2400  . 

The  net  weight  gain  of  these  samples  has 
been  attributed  to  the  diffusion  and 
reaction  of  oxygen  into  the  samples  which 
stabilizes  the  microstructure.  Two  of 
the  processes  contributing  to  the  net 
weight  loss  of  the  material  are  surface 
oxidation  and  decomposition.  Surface 
oxidation  is  the  loss  of  material  at  the 
surface  due  to  its  reaction  with  oxygen 
and  occurs  where  diffusion  of  oxygen  into 
the  material  is  slow.  The  oxygen  reacts 
at  the  surface  rather  than  diffusing  into 
the  bulk  of  the  material.  Decomposition 
is  the  internal  oxidation  of  the  material 
with  time.  In  this  case,  oxygen  diffuses 
into  the  sample  rather  than  reacting  at 
the  surface.  Over  time,  internal 
oxidation  occurs  subsequently  releasing 
gaseous  products  that  must  diffuse  back 
out  through  the  material. 

In  order  to  separate  surface  reactions 
from  bulk  decomposition,  the  samples  were 
heat  treated  to .  maximum  weight  gain  at 
300C  in  oxygen.  The  oxidizing 
envlrorusent  was  removed  by  vacuum  and 
replaced  with  argon  at  each  of  three 
temperatures  (220  260  and  3000  .  The 
samples  lost  weight  in  the  inert 
environment  indicating  that  the  material 
had  decomposed.  Surface  oxidation  would 
have  been  indicated  if  the  material  had 
shown  no  weight  loss  in  the  argon 
environment . 

CONCLUSIONS 

Stabilization  of  bulk  carbonaceous 
materials  occurs  faster  in  oxygen  chan 
air.  In  addition,  at  lower  temperatures 
(220  and  240C)  the  material  maintains  its 
weight  rather  chan  losing  it  due  to 
surface  oxidation.  Stabilization  is 
being  characterized  by  trying  to 
understand  the  components  of  the  process. 
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Figure  1:  Effect  of  temperature  on 
mesophese  particles  in  an  oxygen 
environment 


Figure  2:  Effect  of  temperature  on 
mesophase  particles  in  an  air  environment 


Figure  3:  Effect  of  environment  and 
temperature  on  mesophase  particles 


Figure  4:  Oxygen  'profiles  of  particles 
stabilized  in  an  air  environment 


Figure  5:  Oxygen  profile*  of  particles 
stabilized  in  an  oxygen  environment 
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EMLHIUHfi 


Die  Herstellung  von  keamischea  VerbundwerkstofTen  dutch  Pyralyse  von  Potymeren  ist  one 
Gruppe  von  Verfahren.  die  bei  niederen  Drue  ken  und  niederen  Tetnperatuien  arbeitm.  Far 
polymere  Precursoren  sind  Schmelzpunkte  unterhalb  400  ‘C  typiach  Oder  sie  bitten  beim 
Erwflrmen  aus:  dies  er  buib  t  es.  keraniische  Verbundkdrper  dutch  eine  Lay-up-  Technik  Ihnlich 
der  fllr  EpoxidhankOrper  in  evakuierten  Kapseln  voreuformea.  Auf  Grand  der  Natur  der  Ab- 
baureaktionen.  die  wthrend  der  Wltmebehandlung  ablaufea,  kflnnen  die  Pyroiysebediiigungea 
einen  grofien  EinfluB  auf  das  kenmische  Produkt  haben.  Sorgflldges  Studiuo  der  Ausgangs* 
materialien  und  die  Anwendung  geeigneter  Umsetzungszykles  sind  uasrilfilich,  um  die 
ge  wunschten  Ausbeuten  und  Mikrostrukturen  zu  erhatten.  Zu  den  Faktoren,  dervn  Beachtnag  fQr 
erne  erfolgreiche  U  mwandluag  eraes  Polyraen  in  eine  Kexamik  norwendig  ist  gehOrea:  die  Py- 
rolysebcdingungen.  die  Strukturdes  Polymers  und  die  thermirhrUniUnrligkeii  dm  Ptma  tots 
Dutch  die  Opuimening  dieser  Parameter  kann  die  Herstellung  nahezu  volBmmmen  dkfater. 
riSfreier  keramischer  Werkstoffe  etreicht  werden. 

Polymere  Precursoren  erlauben  eine  bessere  Dutchmischung  auf  molekularerEbeneOber  einen 
breiteren  Beteich  von  Atontzahlverhlltnissen  sowieeine  verbessene  Homogenitll.  Theotedsch 
kann  eine  sehr  boheReinheit  etreicht  warden,  da  die  S  yn  these  sehr  re mer  Reaktanden  mOglich 
ist.  Dennoch  sind  dem  Gebrauch  dieser  Technik  ProWeme  wie  die  Stdchiometrie  und  die 
Phasenreinheit  der  kenmiachen  Endprodukte  inhlrent.  FQr  die  Pyralyse  von  SiC-  Precursoren 
ist  es  typiach.  grade  Mengen  an  gebundenem  Kohlenstoff  und  Sauetstoff  im  Endprodukt  zu 
himerlassen.  Bei  einer  Wltmebehandlung  bei  Temperatures  oberhalb  1000  'C  beeinflussen 
diese  be  idea  Verunreinignagen  die  mechaniachen  Eigenschaften  keramischer  Werkstofle 
dtastisch.  Phasenreinheit  mui  etreicht  warden,  um  die  Voneilc  der  Pyralyse  von  Potymeren 
gegenOber  konventionelien  Hetsteflungsvcrfahren  in  voUem  Umfang  zu  nutzen. 

Die  aufttetende  Schrumpfung  iteflt  einen  der  grtflten  Nachteile  polymerer  Precursoren  dar.  Sie 
ist  auf  garags  Ausbeuten  nach  der  Pyralyae  und  aufDidueunterschiedezwischen  Polymer  und 
Endprodukt  zuzOckzufOhren.  FQr  die  organometilliachea  Polymere  sind  Dichten  im  Bereicb  von 
1  g/tm1  typiach,  wthrend  SiC eine  Dichte  von  3.2  ^cm*  aufweisL  Dimer  Dichteuntenchied  filhn 
zusammen  mit  der  genngen  Ausbeute  wthrend  der  Herstellung  zur  B  itdung  von  Mikrorissenim 
Verbundwerkstoft.  Das  fQhn  dazu.  daB  das  Matrixmaterial  nicht  in  der  Lege  ist.  die  Verstlr- 
kungskomponente  unter  Einsatzbedingungen  so  zu  schQtzen,  wie  das  notwendig  wire.  Die 
Schrumpfung  kann  dumb  den  Einsatz  keramischer  Fuller  und  langsame  Pyralyse  stark 
henbgesetzt  werden.  Dennoch  ist  es  notwendig.  mehrfach  Imprlgnierzyklen  anzuwenden,  um 
diese  Verbundwerkstoffe  zu  verdichten  und  ihra  mechanischen  Eigenschaften  zu  verbessem. 

In  der  vorliegenden  Untersuchung  wurden  zwei  verschiedene  Precursoren  fQr  SiC,  Polycarbo- 
silanundPolyvinylsilan.  studiertDieProbleme  durch  thermische  Insubilitltund  Schrumpfung 
wthrend  der  Wlrmebehandlung  wurden  durch  Quervemetzung  und  Zugabe  keramischer 


Fuller  geldsL  Es  wurde  gefunden,  dafi  durch  Vernetzung  der  Polymer*  vor  der  Pyroiyse  nuoels 
Einftlhrung  von  Vinylgmppen.  Oxidation  Oder  Zugabe  von  Brennhilfsmioeln  die  Ausbetue 
erhoht  und  das  Aufschdumen  vermindert  wird.  Durch  die  Zugabe  kemnischer  FQller  zu  dea 
Polymer  en  konnten  mit  Partikeln  verse  he ne  keramische  Verbunde  hergestellt  werden,  die 
wdhrend  des  Brennens  keine  Schrumpfung  erfuhren;  die  2Uigabe  erfolgte  vor  der  Pyroiyse. 

Unter  Verwendung  von  Nicalon*  und  Avco  SCS-6  SiC-  Fasem  wurden  zahlreiche  Verbund- 
korper  hergestellt.  Schlechte  mechanise  he  Eigenachaftea  von  Verbundkflrpem  fUhnea  zur 
Suchenach  Methoden,  das  Bnichverhalien  zu  beeinflussen  und  damitein  vemeftes  Verstandnis 
der  wirksamen  Bruchmechanismen  zu  erhalien.  Es  wurde  angenommea  und  ex  penmen  tell 
bestatigt,  dafi  die  Stdrke  der  Bindung  an  der  Greazfliche  zwischea  Faser  und  Masix  das  Brack* 
verbal  ten  besummt 

Ein  billiges  Verfahren  zur  Aufbringung  einer  dQnnen,  gleichfdrmigen  Kohlenstoflachicht  auf 
keramische  Fasem,  die  das  Brachverhalten  beein/lussea  soil,  wurde  entwickelt.  Auf  Grand  der 
Erfolge  mu  einer  Sperrschicht  zwischen  Faser  und  Matrix  bei  der  Hentellung  von  Verbundkflr- 
pern  mit  hoherer  Lcinungsflhigken  wurden  in  die  Matrix  eingebrachte  Vielfachspcrrschichtea 
verwendet,  um  die  Leisaing  der  Verbunde  wetter  zu  verbessera.  An  dea  so  erhaltenea 
VerbundkOrpem  mit  keramischer  Matrix  wurde  die  PrQfung  der  mechuischen  Eigenachaftea 
durchgefflhrt 


FYPFW  fMFNTFT  -LFS  VORfTFHFN 

MonoliihuchB  Kcnmik 

FQr  die  Hentellung  monolithischer  keramischer  Strokturen  aus  Potycvbosilanea  wurden  ver- 
schiedene  Verfahren  angewindL  Polycarbosilanpulver  wurde  zu  venchiedenea  Formea  ver- 
dichtet  oder  unmiuelber  eingesetzt.  Polycarboeilao  wurde  vor  der  Pyroiyse  entweder  dutch 
Oxidation  Oder  Zugabe  von  Btennhilfsmiuela  stabi listen.  Die  Stabilisicnmg  des  Polycarbosi- 
Ians  wurde  in  einem  Rohrofen  bei  190  *C  an  Luft  (1  amt.  1  h)  durchgefOhrt  Andete  gezielte 
Oxidanonsbehandlungen  wurden  in  eiaen  AutoUavea  bei  erhohtem  Sauentoffpartiaidnick 
durchgefUhaFOrdieStabilisierangdes  dutch  Drack  vtxverdichKtnPoiycaibosiians  wurde  die 
Oxidation  bei  175  *C  timer  einem  Luftdrack  von  34  M  bar  24  h  lang  durchgefQhn.  Fflr  die 
Subilisierung  des  Poiycatbosilans  dutch  Zugabe  eines  Bremthilfuniaels  mQssea  zuent  betde 
Stoffo in n-Hexan geiflet werden. dudann  verdampft  wild,  um em Puiver zu erhabea.  Dieses 
Pulver  konnte  dann  entweder  zu  einem  Grdnkdrper  verdichtet  Oder  unmittelbm  pyrolysten 
werden.  Der  Wltmebehandlungszykl us  wurde  so  festgelegt.dafl  mit  einer  OeschwindigkBitvaB 
2  K/min  auf  1000  'C  sufgeheizt  und  diese  Temperatur  dann  1  Stunde  lang  gehaltea  wurde;  die 
gesamte  Behandlung  wurde  unter  Stickstoff  durchgefOhrt. 


Vertmndstrukturen 

Es  wurden  zwei  Anen  von  Veibundstrukturen  untenucht  Verbunde  mit  dispergiertea  Teikhen 
und  endlosfaserventlrttte  VerbundkOrper.  DispersionjverstJriae  Keramiken  wwdan  dumb 
Zugabe  unterschiedlicherFOUer[z.B.  SiC-  Pulver  (325  mesh),  SiC-  Whisker  (Tomax),  Ai,0,- 
Puiver  und  Acheson-  Graphit  (Grade  38))  zum  Potycarbosilan  vor  dem  Brennen  hergestellt  Dte 
Prohen  wurden  oxidiert  und  anschlieSend  pyrolysiert  In  einigen  FUlea  wurde  das  Pulver  vor 
dea  Verdichten  der  Proben  1  Stunde  lang  bei  190  *C  oxidiert  Langfaservemlitae  Proben 
wurden  unter  Verwendung  von  Nicalon-SiC  8-Sadngewebe  hergestellt.  Die  kenmisehea 


Fasem  wurdcn  mueiner  Lasting  von  Polycarbosiian  in  Hexan  getrdnkt,  24  Stunden  lang  an  Luft 
getrockneu  bei  210  *C  oxidiert  und  bci  1000  *C  pyrolysiert  Eine  andere  Verfahrensvarian* 
te  schloB  die  infiltration  von  Faserbtindeln  mu  gesdunolzenem  Polycarbosiian  ein. 

Poly  si  lan  istein  zahflOssiges.  dutchscheinendes,  bom  Erwimten  hinendes  Polymer.  Es  wurde 
mitumerschiedlichen  keramischen  FUllstoffea  [z.  B.  SiC-  Whisker  (Tomax),  AljO,.  SiC-  Puiver 
(800  mesh)  ]zur  Beeinflussung  der  Schrumpfung  und  der  Bildung  von  Mikrorissen  vermischt. 
Fuller  wurden  zu  Poly  vmy  Isilan  zugegeben  und  bii  zum  Erreichen  einer  euheitiiches  Mischung 
geriihrt  Danacft  wurden  die  so  eraeugten  Mischungen  ah  Harze  fUr  die  keramischen  Verbund- 
kOrper  eingesetzt.  Da  die  Polycarbosilane  beim  Erwtrmea  tushlrten,  kann  bei  der  Hemellung 
der  VerbundkOrper  dieselbe  Vakuumkapseltechnik  angewendet  werden  wie  bei  der  Hemellung 
von  Graph  it  /  Epoxidharz-  VerbundkOrpem.  Die  fllr  das  Lay-up  benutzte  Appantur  ist  in  Abb. 
1  gezeigt  Die  Nicalon-  VersOrkungsfasera  wurden  sis  gewebtes  Tuch,  die  Avco-Fasern  sis 
einzelne  Rlamente  eingeseau  eine  typische  Laminauauktur  besund  aus  6  vorgefenigtea 
Schichten.  Die  Pro  ben  wurden  umer  Vakuum  eingekapsek  und  6  Stunden  lang  bei  200  *C  unter 
einem  Druck  von  34.86 bar  gepreflL  Eine  andere  Hemellungsmethode  schloB  die  Verwendung 
einer  Aluminium matnze  ein,  urn  ein  Herauswaschen  der  Fasem  a  verbindern.  Nach  Beendi- 
gung  dieser  Behandlung  wurden  die  Laminate  unter  Sbcksroff  pyroiysien.  Der  typische  Zyklus 
filr  die  Umsetzung  besund  aus  dem  Aufheizenauf800  'C  bei  einer  Geschwindigkeu  von  1 KJ 
min  und  einer  Haltezeit  von  2  Stunden.  Dutch  wiederholte  Imprtgnierung  und  Pyrotyse  der 
beieiu  pyrolysierten  Quader  wurde  die  Diclue  der  Kflrper  erhdht  und  ihre  mechanischen 
Eigenschaften  verbessen.  Das  Fliefischetna  in  Abb.2  zeigtdeagesamieaPrazeBZurBeein- 
nussung  der  Rifiausbreitung  wurden  auf  den  Nicalon*  Geweben  Koblenstofbchichten  aufjge* 
brachL  Einzelne  keramische  VerbundkOrper  wurden  zwiscben  zwei  aufeinanderfolgenden  Ver* 
dichtungsschritten  mit  Polycarbosiian  und  einem  poiymeren  Kohlenstoff-Precursor  imprtg- 
mert,  urn  das  Bruchverbalten  zu  beeinflussen.  Abb.  3  gibt  den  Ablauf  ernes  derarogen 
Verfahrens  schematisch  wieder. 


EROEBNISSE  UND  DISKUSSMM 


Eatoacboaliac  ala  Prccunorm  At  kcnuniidit  Mariaa 

Thermiache  Subilim 

Die  in  dieaer  Arbeit  verwendeten  Polycarbosilane  wurden  von  Nippon  Carbon  nach  dem  von 
Yajima(l)entwickelter  "erfahren  hergesullt  Das  dutch  Datnpfdruckoatnometrie  (bei  40  *C 
unter  Verwendung  von  n- Hexan  als  LOsungsmittel)  besdmmte  mitdere  Molekulargewtcht  tag 
bei  1500.  Die  thermische  Bestindigkeit  des  SiC-Precunors  wurde  dutch  stmulcane  Diffieren* 
tialthermoanalyse/Tbermofravitnetrie  (DTA/TO)  umersuchL  Ea  wurde  gefundett,  daB  das  Po* 
lycarbosilan  beim  Au/heizea  bis  800  *C  mit  einer  Aufhetzgescfawindigkeii  von  2  K/min  unter 
StickstoffnichtformsubilisL  Die  keramische  Ausbeute  lag  bei  etwa  63  Ma*%;  die  Instability 
der  Abmessungen  wurde  aus  der  HObe  des  SchaumesimTiegelbestimim.  Abb.4zeigt  eine  bei 
der  Pyrolyse  von  Polycarbosiian  emsundene  TG-  Kurve.  Der  Massenverlust  seat  bei  250  *C 
ein  und  eneicht  zwiscben  350  und  500  *C  die  grOfite  GeschwindigkeiL  Die  Herabseaung  der 
Aufheizgeschwindigkeit  auf  0.5  K/min  haue  eine  EthOhung  der  Ausbeute  auf  65.5  Ma*%  und 
eine  Verhngening  der  HOhe  des  Schaumes  urn  18  %  zur  Folge.  Die  Forminsttbilitlt  witd  auf 


das  Vorhandensein  niedermolekuiarer  Spezies,  die  die  Schaumbiidung  verursachen,  zurilckge- 
fillut 

Zur  Verbesserungder  Form  stabilitlt  der  Polycarbosilane  wihrendder  Pyrolyse  wurden  mehrere 
Methoden  untersuchL  Zunlchst  wurden  niedermolekulare  Bestandteile  durch  2-stttndige  Va- 
kuumdestillaaon  bei  340  'C  unter  einem  Dnick  von  5.2Torrentfernt.  Das  Molekulargewichtdes 
so  erhaitenen  Materials  betrug  2430.  Die  Hflhe  dea  Schaumes  wurde  urn  75  %  henbgesetzt  und 
die  zugehfirige  keramiscbe  Ausbeute  betrug  73  Ma-%,  nachdetn  23  %  d er  Spezies  mit  mederem 
Molekulargewicht  entfemt  waren.  Fiir  die  Pyrolyse  unter  StickstofF  wurde  die  Heizgeschwin- 
digkeit  auf  0.3  K/min  bis  zu  einer  Tetnperatur  von  800  ‘C  festgelegt  Die  Encfemung  von  etwa 
30  %  dermedermolekularen  Bestandteile  hatte  ein  Anwaduender  Schaumbiidung  um  etwa  200 
%  und  erne  ErMhung  der  Ausbeute  auf  83  Ma-%  zur  Foige.  Es  wurde  beobachtet.  dad  das 
SchSumen  der  Polycarbosilane  von  der  Geschwindigkeit  der  Entwicklung  der  Pyrolyse  gase  und 
von  der  Viskositlt  abhingt 

Die  Quervemetzung  der  Polycarbosilane  erhflhtdie  Ausbeute  und  unterdrOckt  die  Schaumbil- 
dung.  Die  Oxidation  Stella  die  gcbtiuchlichste  Metbode  zur  Quervcrnctnmgdar  und  wird  each 
bei  der  Hentellung  von  Nicalon-FasenangewendeL  Der  Nachteil  der  Oxidation  bestebt  irn 
Einbau von  Sauentoff  in  den  Precunor.der  zur  BildungvonSiO^  fflhrt-  Dieses  kaonverfaeerende 
Auswirkungenauf  die  Leisnmgsflhigfceitdes  Verbundesbei  hoheaTempemuren  haben  (2).  Fdr 
die  Untenuchung  der  Oxidation  wurde  Polycarbosilanpulver  verweadet  Der  Precunot  wurde 
auf  eine  vortier  festgelegte  Teatperaur  mit  10  K/min  erbitzL  Die  Massenzunabme  setzte  bei 
einer Tetnperatur  von  190  ’Coin.  wasdenBeginaderQuervemetzunganzeigLPolycarbosilan. 
das  anLuft2Stundenlangbei  190  'C  bebanddt  wurde,  zeigte  einen  Massenzu wadis  von  5  %. 
Dieses  Pulver  wurde  anschlieflead  bei  1000  *C  un*r  Stickstoff  pyroiysien.  wobei  der  gesamte 
Massenverlust  20.2  %  betrug.  Abb.  3  zeigt  die  TO-  Kurvea  von  Polycarbosilancn.  die  unter- 
schiedlicb  lange  oxidien  wurden.  Mit  zonehmender  Oxidadonszeit  wurde  ein  Ansdeg  der 
Ausbeute  beobachtet  und  bei  diesen  Proben  wurde  kein  Anacichen  einer  Schaumbiidung  mebr 
festgesteilL  Ea  wurde  wetter  beobachtet.  daS  eine  Massenzunabme  des  Polycarbonlans 
wihrendder  Oxidation  von  2  %fenagt,um  das  Polymer  wghrend  der  Pyrolyse  zustabiliskrea. 

GrOfie,  Form  undPonsitfltdmpolymereaGrllnkflrperspieiea  bei  der  FestJegung  deroptunaien 
Oxidadonsbedingungen  eine  RoUe-Polycarbosilan  wurde  zu  einer  etwa  1.3  mm  didten  Scheibe 
von  12.3  mm  Durchmesser  verdiduet  und  an  Luft  4  Slundea  lang  bei  190  ’C  oxidien,  was  zu 
einer  MesKnzunahme  von  3  3  %  Mute.  Die  Oxidadon  fllhrte  zu  keiner Verformungder  Scbeibe. 
Die  oxidierte  Scheibe  wurde  in  Sticksoffiumojphlre  mit  2  Italia  euf  1000  *C  aufgehem.  Die 
Scbeibe  verformte  sicb  (schiunue)  in  der  Mitte,  was  auf  un  vollstindigg  Oxidation  hinweut  Die 
Auabaum  wurde  zu75%,  die  Dicbte  der  Scbeibe  zu  1.7  g/em’berechnet.  Scheiben.  die  18  Sum- 
den  lang  bei  190  *C  oxidien  wurden,  (Massenzunabme  6J  Ma-%)zeigtea  deaaodi  nachdem 
Auflieaen  auf  1000  *C  Anzeichen  eines  teilweisen  Schmelzens.  Das  zeigt,  dad  der  Sauerstoff 
nicht  in  die  Mine  der  Scbeibe  ejngedningtn  war  und  den  Precunor  nicht  stabilisien  has. 

Diese  ungenOgerde  Oxidation  kann  durch  partieUe  Oxidation  des  PolycsbosUanpulven  vor  der 
Verdichtung  zur  Scheibe  Oherwundea  warden.  Der  Precursor  wurde  gesiebc  (#100)  und 
anachlieflcnd  an  Luft  2  Stunden  lang  bei  190  *C  oxidien.  Des  oxidierte  Pulver  wurde  unter 
Stickstoff  mit  einer  A ulheiz geschwindigkeit  von  2  K/min  bis  auf  1000  *C  aufgeheizL  Die 
Scbeibe  zeigte  kerne  Verfonnung,  was  auf  eine  befriedi  geode  StabiUsierung  des  Potycarbosi- 
lana  hinweut.  Die  Ausbeute  betrug  80  Ma-%,  die  mitttere  Dichte  der  Scbeibe  12  g/an*. 

Anstelle  der  Oxidation  wurden  zwei  Brennhilfstnittel  eingesetzc 
1 .)  Trictesylphosphat  (TCP)  und  2.)  Tri-n-Buty  Iborat  (TNBB).  Bei  Zusltzen  von  bis  zu  23  Me- 


%  TCP  wurde  einc  deutliche  Vemngening  dcr  Schaumbildung,  jedoch  keine  vollsttndige 
Subilisierung  des  Precursors  beobachtet.  Unterschiedliche  Mengen  TNBB  (C,H,  0),  B)  wur* 
den  einer  Mischung  a  us  Carbosilan  und  n-Hexan  zugesetzL  Das  Hexan  wurde  vertampft.  Das 
so  erhaltene  Pul  ver  wurde  gemahlen.  gesiebt  und  mit  2  K/min  bis  1000  *C  aufgehew.  Bei  einer 
Zugabe  von  14  Ma-%  TNBB  zu  einer  Polycartosilanfraktion  mit  ho  hem  Molekulargewidu 
(MG  «  2900)  war  nach  der  Pyrolyse  bis  1000  *C  kein  Schlumen  etfcennbar.  Die  Dichte  der 
Scheibe  betrug  2.28  g/cm*  bei  einer  Ausbeute  von  78  Ma-%.  Diese  Ergebnisse  sind  denen  an 
Probenvergleichbar.die2StundenlanganLuftbei  1 90  *C  oxidien  wurden.  GeringereZusatze 
an  TNBB  ergaben  ho  here  Ausbeuten  (siehe  Abb.  6).  aber  bei  Zugabe  von  weniger  als  S  Ma-% 
TNBB  irat  Schaumbildung  auf.  Wenn  diese  Brennhilfsmiuel  zugegeben  werden.  seat  der 
Massenverlust  bei  geringeren  Tempera  turen  ein  alJ  bei  Pro  ben,  die  oxidien  wurden. 


Schnimafow 

Die  Brennschrumpfung  wihrend  der  Pyrolyse  Stella  das  zweiie  grofle  Hindernis  bei  der 
Verwendung  von  Polycaibosilanea  als  Precursor  fflr  eine  keramiscbe  Matrix  dar.  Diese 
Schrompfung  filhrt  zu  Mikrorissen.  besonden  wenn  Hindemisse  wie  Faaen  zugegeo  sind.  An 
Luft2Smnden  Lang  bei  190’CoxidienePolycarbosilanpulverwurdeazuScheibeavoal2Jmm 
DuichmessergepreBtundunterShcksiofT  mil  2  KAnin  auf  1000 ‘Cerium.  Bei  einer  Ausbeute 
von  etwa  80  Ma-%  wurde  eine  gesamte  Voluraenschrumpfang  von  38  %  gemessen.  Die  theo- 
retisch  berechnete  Volumenschnunpfung  soilie  76  J  %  betngen;  das  bedeutec  dad  die  Scbeibe 
1 8  J  %  Porosult  enthilx,  wenn  das  Produkz  rentes  SiC  isL  Als  Dictate  der  Scbeibe  warden  12 
g/cm’  gemessen.  Diese im  Vergleich zu reinem SiC geringe Dickie kaan auf  Abweichungen 
von  der  idealen  SiOchkxnetrie  und  auf  geschiossene  Roresitat  zurtckgeffihrt  werden.  Diese 
Leentume  btlden  sich  auf  Grund  von  Pyroiysegasen.  die  wgbrend  des  Processes  niche  an  die 
OberfUche  diffundieren  kfinnen.  Ungere  Oxidationszeiten  fUhrten  zu  einer  geringen 
Abnalune  der  Schmmpfung  infolge  einer  hOberen  Ausbeute.  Mit  14  .5  Ma-%  TNBB  versetztes 
Polycarbosiian  (MG  ■  2900)  zeigtebei  der  Pyrolyse  bis  1000’C  eine  Volumenschrumpfungvon 
60  %.  Die  Zugabe  von  FOUem  zu  Polycarbosiian  vor  der  Pyrolyse  ergab  eine  dnsdsebe  Ab- 
nahmederSchrumpfung.  Unter den  verwendeten  FOUem  waren  Acheson-Graphit(#38),  Ai,0, 
•  Pul  ver  (0.03  pm).  SiC-  Pul  ver  (323  mesh)  und  Tomax  SiC -Whisker.  1m  Polycarbosiian 
gleichmJBig  veneilte  Fuller  wurden  zu  Pul  ver  genablen.  (lurch  ein  *100-Sieb  gesiebt  und  1 
Suinde  lang  bei  190  *C  an  Luft  oxidien.  Die  oxidienen  Putver wurden  zu  Scbeiben  von  12J  mm 
Durchmesser  geprefit  und  umer  Stickstoff  bei  einer  Heizgeacbwindigken  von  2  K/min  bis  1000 
*C  pyrotysien. 

Die  Ausbeute  deaPoiycarinsUansbing  nor  wenig  von  Art  und  Menge  des  zugeamten  Fullers 
ab  und  tag  bei  etwa  80  Ma-%.  Fflr  Graphit  und  Aluminiunoxid,  abar  niebt  (Or  SiC  kann  eine 
lineare  Beziebung  zwisebea  dem  Massenaiueil  des  FOllers  und  dar  Volumenachrumpfung  dcr 
Scbeibe  wigegeben  werden.  wie  in  Abb.  7  gezeigt  isc  hdbere  procentuale  An  mile  des  Fallen 
ergeben  geringen  Schrumpfungen. 

Leatendlich  wurden  als  FOller  fflr  das  Polycarbosiian  SiC- Whisker  in  Vohunenanteilen  von  40 
und  30  %  verwendet.  Der  Abb.  8  kann  man  enmehmen,  dafi  (lurch  optimale  Dosterung  der 
Zugabe  von  SiC-Wbiskem  im  Pnnzip  eine  Schmmpfung  vonO%  eneichbar  ist  UmProben  mit 
hoberem  Whiskeranteil  herzustellen.  muBte  der  Verfahrensablauf  geinden  werden.  Diese 
Proben  wurden  vor  der  Lufkoxidation  im  Autoklaven  (24  Stunden  bei  175  *C  unter  einem  Drack 
von  4  tun)  in  Scheibenform  gepreBt  Temperauuen  oberhalb  175’  C  fQhiten  zu  Verwerfungen 
undzumScMumen,  bei  geringeren  Temperaturennahm  die  Oxidadonseit  unvenretbarzu.  Der 
erhbhte  Luftdruck  irug  dazu  bei,  die  Oxidationszeit  berabzusetzen.  Bei  einem  Drack  von  4  sun 
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crgab  sich  eine  Verkiirzung  dcr  Oxidauonszeit  am  23%.  Die  Proben  wurden  dann  unter 
Sdckstoff  mu  2  K/min  auf  1000  *C  ertmzi  Die  Proben  wurden  nach  der  Verdichtung  oxidien. 
weil  oxidiene  Pulver  mil  hohen  Konzemrationen  des  Fullers  kerne  handhabbaren  GrilnkOrper 
ergaben.  Abb.  9  zeigt,  dafi  ftlr  alle  Fuller  ein  kmischer  Massenameil  gefunden  werden  kann.  bei 
dem  kerne  Schrumpfung  auftrio. 


verbundwerfatnffe  mit  Panikeleinlaaetuntten 

Polycatbosilanbasierte  VerbundkOrper  warden  im  Drerpunkx-Biegetest  auf  Fesdgkdt  und 
EUsuzjUUsmodul  gepruft  Alle  geprllften  Proben  zeigtenSprddbruchverfaaltenund  ein  linear- 
elasdsches  Amworuignal  bis  zum  Bruch. 

Es  wurden  Proben  mit  73, 65  und  56  Ma-%  Graphic  SiC-Pulva  (800  mesh)  und  SiC-Whukexn 
(Tomax)  getestet  Mit  steigendem  FOlleranteil  ergeben  sich  schlechtere  mechanische  Eigen¬ 
schaften,  wie  in  den  Abb.  10  und  1 1  zu  erkennen  ist  SiC-whiskerversttrioe  VerbundkOrper 
zeigten  die  besten  mechanischen  Eigenschaften.  Im  Gegensac  ztrdirchgehenden  Venttrkung. 
bei  der  die  Leistung  mit  steigendem  Faservolumenanteil  zunimmt.  wurde  festgestellt.  dafi 
Fesugkeit  und  ElastiziOtsmodul  mil  wachsendem  Anted  des  Fallen  fallen.  Die  Schrumpfung 
der  Matrix  und  untenchiedliche  thermische  Ausdehnungen  von  FOlier  und  pyrolysienem  Po- 
lycarboulan  fUhrten  mit  grOfiter  Wahncheinlichkeit  zur  Bildung  von  Mikiurissen  beim 
AbkOhlen  von  der  Proaefitemperatur  auf  Umgebungstempennr.  Diese  Mikrorisse  verminder- 
ten  die  Leisuingen  dieser  KOrper.  Bei  whiskerventirksen  VerbundkOrpern  wurden  die  besten 
mechanischen  Eigenschaften  bei  den  Proben  mit  der  gehngstea  Dichte  gefunden.  Remes 
pyrolysiertes  Poiycarbosilan  (MG  *  2900, 14.5  Ma-%  TNBB)  zeigte  eine  Biegefestigkeu  von 
14  000  Pst  (96.5  MPa).  Alle  getesteten  FOlier  verschlechtenen  die  Eigenschaften  da  entspre- 
chenden  KOrper. 


Fnrfl/xfaiervewtMrkie  Verhtmdltflmar 

Poiycarbosilan  wurde  als  Matrixprecursor  fUr  die  Hersaellung  von  durchgehend  verstfrkten 
keramischen  VerbundkOrpern  mit  Nicaloo-SiC-Fasera  als  Veotirkungsfasa  bcnutzt  Die 
Nicaloafasem  wurden  2  Stundea  lang  eina  Wirmebehandlung  bei  700  ’C  in  Argon  un- 
tetzogen,  um  die  bei  der  HenteUung  aufgebrachta  Scblichie  za  entfemea. 

Die  SiC-Fueni  wurden  mit  eina  LOeung  von  Polycartwilan  mit  14  J  Ma-%  TNBB  getrtnkx, 
gecocknet  und  anschliefiend  eina  einstandigen  Wirmebehandlung  bei  1000 ‘Cunterzogen;  die 
Heizgesch windigkeii  betrug  2  K/min.  Altemativdazu  wurden  die  Nicalonfascm  mit  gcschmol- 
zcnem  Poiycarbosilan  getrtnkt,  10  min  lang  bei  210  *C  oxidien  und  denn  pyroiysiert.  Im  Ra- 
sterelektronenmikroskop  wurde  du  Vorhandensein  zahlreicha  Mikrorisse  beobnchtet.  wobei 
die  Bildung  von  Mikrorissen  bei  den  durch  Schmetzimprftgnienmg  bergesteilten  Verbunden 
weniga  stark  ausgeprlgt  war. 

Um  mdglichst  rififreie  VerbundkOrper  zu  erhalten,  wurden  die  Kflrpe  roehrfech  mil  Polycar- 
botilan  imprigniert  In  diesen  Proben  ist  wesendich  mefar  Matrix  enthahea,  aba  sie  zeigen 
trotzdem  noch  sehr  viele  Mikrorisse.  Diese  Art  von  VerbundkOrpern  mecht  die  Aufbringung 
eina  iufieren  Oxidationsschutzschicht  unerlifitich.  da  die  mikrorissige  Matrix  da  Fas a  keinen 
Oxidationsschua  gewiihn. 


Polvvinvlsilane  als  Prccursoren  fUr  die  keramische  Mania 


HiamiKhc  Sabilittt 

Einer  der  grOBten  Voneite  von  Poiyvinylsilanen  gegenliber  Polycartoosilanen  besteht  darin,  daB 
sic  ohne  Sauemoffeintrag  thermisch  vemetzt  werden  kOnnen.  Die  Vememmg  erfblgt  bei 
Tempcraiuren  z  wise  hen  100  and  270  ‘C;  bei  hoheren  Tetnpenturen  seat  der  Abbea  des 
Precursors  ein.  Vor  etner  Behendlung  bei  200  *C  beerSgr  die  Dichte  des  Polymers  erwe  1  g/cm\ 
danach  0,75  g/cmJ.  Abb.  12  zeigt  die  TG-Kurve  ernes  Polyvinylsilans,  das  bei  2  KAnin 
Suckstoff  auf  1000  "C  aufgeheizt  wurde.  Der  Abbau  erresebt  zwischen  400  und  600  *C  die 
grOSte  Gesch  windigketi  und  bei  der  Pyrolysebis  1 200 ‘Cbeirtgt  die  Ausbeute  60.6  Ma-%.  Die 
geringe  Dichte  des  Produktes  wild  auf  Abweichimgen  von  der  stflchiotnetrischen  Zusammen- 
setzung  und  auf  gescblossene  PorosiUU  zurdckgefObn. 

Abhingig  vom  benutzien  Wlrmebehandlungszyklus  vettnden  sicb  die  Mikroaaukmr.  Beim 
Aufheizen  auf  800  *C  mit  einer  Geaebwindigkdt  von  I  KAnin  bilden  sicb  in  der  Matrix 
zahlreiche  Poren.  Um  die  Anzabl  der  Leesrtuffle  zu  verringera,  mufidie  Keixceacbwindigkeit 
henbgeseot  werden,  urn  die  for  die  Diffusion  der  Ahhupwvfcifcwi  w 
zu  verlingent.  Mit  stdgender  Stbke  des  Werksrflckes  muB  we  gen  der  zanebmenden 
Diffusions  we  ge  die  Heizgachwmdigkeit  geaenkt  werden.  Die  Wlnnebebandlung  der  Poly' 
silanproben  warden  nnch  folgendem  Prognmni  durchgefQbrt 

1)  1  K/min  bis  250  *C 

2) 10  Kyh  zwischen  250  and  600  *C 

3)  l  K/min  bis  800  *C 

Dies  sollte  die  Anzabl  der  LeeMume  veraiindem.  Die  langsame  Heizgeschwjndigkeu 
zwischen  250  und  600  *C  wurde  gewlhll,  da  in  diesem  Tetnperiturbereicb  der  Masaenveriust 
die  grdfite  Geschwindigkeit  erreicbL 

Zur  Verbesserung  der  mechanise  ben  Eigenschaften  und  zur  Verringerung  der  Schrampfuag 
wurden  dem  Polyvinyisiian  FOiler  zugesetzt  5  iC- Whisker,  A1,0,*,  BN-  und  SiC-Pulver 
wunkn.jeweilsfOrsich,  dear  Polyvinylsilaazugesetztanschlieflend  bei  200  •Cbebandete  und 
danach  urner  SdckstofT  bis  800  *C  mit  1  K/min  pyroiysiea  In  Tab.  1  sad  die  Dam  far 
Schnanpfang  und  mechanise  he  Eigenschaften  zusammcngefagL  Diekennuacbea  FOUer  nugea 
dazu  bei,  die  Scbrampfung  zu  vetringem,  aber  die  An  des  verweadesen  FOlkrs  batse  keiaen 
Einflng  auf  die  Schnunpfiag.  Im  Rastertktaronenrniaoskop  zeigm  die  SiC-  whistar-  und 
pulververstlrkten  Probea  eiae  sebr  portae  MSkrosouktur,  aber  in  dv  OberfUcbe  warea  keine 
Ruse  erkenn bar.  Im  Gegensac  dazu  zeigte  die  Oberfllche  der  A^Oj-vendMoea  Probea  suite 
Mikrorisse.  Die  watancheinlichste  Erkllrung  daflb  1st  der  untcrschiedlicbe  thermisebe  Ausdeh- 
nungskoeffizient  von  FOUer  und  Matrix,  Diese  Risse  schiagea  sicb  darin  nieder,  daBdiese 
Proben  die  schlechtesten  mechanischen  Eigenschaften  zeigteo.  Im  Gegensac  zu  den  parokel- 
verstlrkten  Verbunden  verbessenen  die  FBHer  die  mechanischen  Eigenschaften  dieser  Proben 
in  jedem  Fall. 


Vonintersuchnng  der  Eigenschaften  der  Verbundkflreer 


Unter  Verwendung  von  Polyvinlysilan  sis  Matm precursor  und  Nicalon-8-Saungewebe  sis 
VersUrkungskomponente  wurden  kenmische  VerbundkOrper  hergestellt.  Man  raufl  erwanen, 
dafl  die  mechanise  hen  Eigenschaften  zweiachsig  versttrkter  Materiaiien  wesentlichschlechter 
sind  als  die  unidiiektional  verstlrkter,  da  der  Faservolumenanteil  parallel  zur  Richtung  der 
Beanspruchung  gennger  ist.  Die  Eigenschaften  von  Verbunden,  dieTuchals  Versttrkungsphase 
benutzen,  werden  durch  Schldigung  der  Faser  wihrend  des  Webens  und  dutch  die  Webanord- 
nung  wetter  verschlechtert  Der  Aufbau  der  Verbundlaminate  erfolgte  aus  6  vorgeferugien 
Schichten.  die  unter  Verwendung  ernes  geeigneten  Hanes  aus  Polysilan  und  keramischem 
FOller  als  Matrix  precursor  hergestellt  wurden. 

For  die  zuerst  hergestellten  VerbundkOrper  wurde  Polysilan  mit  23  Ma-%  Bornitridpulveroder 
15  Ma-%  Siliciumcartoidwhisker  als  Matrix  precursor  verwendet  Die  Volumenschnunpfung 
betrug  20  %fllr  die  mit  BN  als  FOller  hergestellten  Proben.  aber  nur  3  %  fUr  die  Verbunde  aus 
Gewebe  und  FOller.  Die  geringe  Schnunpfung  der  Verbunde  mit  betdea  Fallen  hat  einegrofle 
Porositat  und  eine  starke  Bildung  von  Mikromsen  in  der  Matrix  zur  Folge.  Ahnlich  zur  Her* 
stellung  von  KohiensiofT/Kohlensmffverbundwerkstoflen  war  eine  mehrfache  Imprtgnienmg 
notwendig,  um  die  Porositlt  zu  verringern  und  die  mechanischen  Eigenschaften  zu  verbessem. 
Abb.  1 3  zeigt  die  berechnete  Porositlt  nach  jedem  Imprtgnierschriaf&r  die  mit  Bomiuridals 
FOller  hergestellten  Verbunde.  Die  Kurve  nlben  sich  asymptotiacheinemWenvanetwa9Vol- 
%  Porositlt,  was  die  im  Verbund  vortiandcne  geachlosaene  Porositit  anaeigt  In  Abb.  14  sind 
Oaten  (Or  die  Dichte  beider  Arten  von  Verbundkdrpeni  gezdgt.  Bei  beiden  Versncfaaeiben 
wurde  gefimden,  dafi  der  Elastizitttamodul  mit  wachsender  Zahl  der  Impragniazyklen  steigt; 
dieser  Ansdeg  ist  bei  Verwendung  von  SiC-Whisken  nailer  ah  bei  Verwendung  von  BN- 
Puiver  (Abb.  15).  Abb.  16  zeigt.  daB  die  Biegefestigkeit  ebeniUls  mit  jedemlmprtgnierzyklus 
ansteigt  Proben.  die  nach  der  ersten  Pyrotyse  geprtift  wurden.  zeigten  Scberversagen  durch 
Delaminierung.  Der  Versagenstypging  nach  zwei  Oder  mefarlmprtgnienmgea  inZugvenagen 
ilber.  In  keiner  der  getesteten  Proben  wurden  Anxekhen  von  Faser-Pull-out  gefunden.  Die 
schlechten  mechanischen  Eigenschaften  kflnnen  auf  eine  starke  Bindaag  zwischen  Faser  und 
Matrix  zurtickgefflhrt  werden.  AUe  untcrmchten  Proben  venagten  bei  der  Bnichdritnung  der 
Matrix.  Die  Mheran  Brachfestigkeiiea  wurden  wegen  des  hOberen  Flasrizitltsmoduls  der 
Verbunde  imVergleich  zur  unverstirttea  Matrix  erzielL  Da  die  Verbundkfliper  venagten.  be vcc 
dieBruchdehnung  derFasern(l  %)  erreicht  war,  konnten  diese  ncht  vk!  zur  gesamen  Fesugkeit 
der  VerbundwerfcstofliB  beiuigen.  Risse,  die  in  der  Matrix  entstanden  waren,  pflanzsen  sich 
cinfach  durch  den  gesannen  Verbund  fort 

RwimflaiMiny  da  InriaagMam 

Dan  Brechverhalten  keramischer  Vcrbundwcrtatoffe  unierscheidct  sich  von  dea  von 
Vetbundea  mit  Polymer-  Oder  Metailmatrix  auf  Gntnd  der  Eigenschaften  der  etnaelnen  Kom- 
pooenten.  Bei  den  StC-Keramiken,  ttber  die  hier  bcrichtet  wild,  ist  der  Elasmitlnmodul  der 
FaaaragrOBer  als  der  der  Matrix,  aber  die  Bruchdehnung  der  Matrix  ist  gennger.  Der  Verbund 
profitien  von  der  Obemgung  von  Spannungen  aus  der  Matrix  auf  die  Faser,  aber  im  Gegeasatz 
zu  Verbunden  mit  polymerer  Matrix,  wo  der  Butch  dutch  Venagen  der  Faseraeingeleitet  wild, 
bricht  in  unserem  Fall  die  Matrix  vor  den  Fasem.  Wenn  sich  in  der  Matrix  eine  Kerbeausbreitet 
und  eine  Faser  erreicht,  wild  die  Spannungskonzentration  an  ihier  Spitze  auf  die  Faser  Obertrt- 
gea,  wenn  eine  vollstlndige  Spannungskopplung  gegeben  isL  Diese  Spannungskonzenoabon  ist 
hocb  genug,  um  uranittelbar  einen  Bruch  der  Faser  herbeizufllhien  und  dadurch  die  Festigkeit 
und  Bracharbeit  des  VerbundwerkstofTs  auf  die  der  Matrix  zu  begrenzen.  Eine  Optunienmg  der 
Eigenschaften  der  Verbunde  muB  demnach  auf  eine  Situation  fflhren,  in  der  eine  schwache 
Anbindung  zwischen  Faser  und  Matrix  gegeben  ist,  die  dazu  fQhit  dafi  Risae  in  der  Matrix  nicht 


zum  Versagen  der  Faser  ftthren.  Unter  der  Annahme,  dafl  keine  Kopplung  zwischen  Faser  und 
Matrix  exisuen  und  die  Festigkeit  der  Faser  keiner  Verted ung  unterliegt, )e3nn  erne  Obergrenze 
fur  die  Festigkeit  des  Verb  under  angegebea  werdea.  Wean  zwisebea  Faser  und  Matrix  keine 
mechanise  he  Wechselwirkung  stattfindet,  kflnnea  Risse,  die  sich  in  der  Matrix  ausbreitea.  die 
Faser  nicbtschldigen.  Beiniciu  gekoppeitea  unidiiektiooaiea  Verbunden  beobuciuet  man  beim 
Wen  fUr  die  Bnichdehnung  der  Matrix  einen  sprunghaften  Ansdeg  der  Dehnung,  da  bei  dieser 
Dehnung  die  Last  von  der  Faser  Ubernommen  wird.  wie  in  Abb.  17  gezeigt  ist.  Von  daantrtgt 
die  Faser  die  gesamte  auf  dem  Werksmff  aufliegeade  Last.  Weitere  Steigenmg  der  Spuming 
filhn  letztendlich  zum  Versagen  der  Fasem.  was  zum  Brack  des  VerbundkOrpen  ftthrt  Der 
flachere  Verlauf  der  S pannun gs-/Dehnungskurve  ist  danuf  zurOckzufQhren,  dafi  das  Diagram m 
auf  dem  Gesamtquenchniudes  Verbundes  vordem  Bruch  der  Matrix  besien.  Wesentliche  Stei- 
gerungen  von  FesugkeitundBracharbeitsind  also  dutch  dasAbkoppeia  der  Faser  voo  der  Matnx 
mOglich.  Trotzdem  ist  erne  gewisse  Verbindung  zwischen  Faser  und  Matrix  notwendig.  urn  die 
Spannungsttbertragung  zu  etmdglichea 

ItstimtiUgaataDMiiitittik 

Es  konnte  gezeigt  werden,  dafi  erne  schwache  Binduag  zwischen  Faser  und  Matrix  die  mecha- 
msche  Leutungsflhigkeit  voo  Verbundwerkstoflea  oiit  keramischar  Matrix  eaucheidead  ver- 
bessen.  Bei  alien  btsher  beachnefaenen  Faaer/Matrix-Kombinarinnen  tm  SprOdbrachvenagcn 
bei  der  Brochdehnung  der  Matrix  aut  Um  eine  Kohienstoff-Zwiachenachicht  mis  graphidseber 
Strukua  zu  eraeugen,  wuidc  eta  spezmliar  Kohknssoflfrracugor  entwkleh.  Die  Biegefcsugkeii 
sdeg  dadurch  gegendber  alien  bis  dahia  geteaseien  VerbuadkOrpern  um  mindessens  30  %  u 
(Abb.  18).  FOr  Verbunde,  diebtszudreuaal  imprtgnicnwurden.  warein  nichifcaiaatrophales 
Versagen  typtsch.  Last-/Durchbiegungskurv«n,  wie  sie  in  Abb.  19  gezeigt  sind.  zeigea  Ver- 
besseningen  in  Bezug  auf  ZiUiigkeit  und  die  FStigkeit,  Belastungea  augnhalten  Proben.  die 
nureinmal  imprlgmen  waren,  versagien  dutch  Schenmg  mit  nur  wetugen  gebroebenen  Fasem. 
Proben  mitzwcilmpidgnicrzyfcicnzeigten  einen  gewundeaenBrachweg.  wie  ana  der  Dmchbie- 
gungskurve  enichtlich  ist.  Dies  ergab  einen  Verbund,  dessen  Brocbenerpe  gegenflber  den  vor- 
angegangenen  Proben  wesentlich  hOber  lag.  KMtstrophalea  Bruchverhalien  tnt  bei  Probu  mit 
vier  Imprtgnienykkn  auf.  Diese  Verbunde  venagtu  bei  enter  hobena  Dehnung  ais  die  teine 
Matrix,  was  zu  Verbundea  mil  bdheter  Festigkeit  fOhrv.  Die  hdbere  Brachdehmmg  dieser 
Proben  weist  danuf  hin,dafiuderGrenzniche  zwischen  Manx  und  Kohienstoff  eine  gewisse 
Umlenkung  von  Rissea  eingetretea  seta  muB.  Bei  weilerer  Imprtgaierung  wnrde  eine 
Vemngenmg  der  Biegefestigkeit  gefundea;  die  Wcne  fttr  den  HastiTiiUmodnl  fieien  un 
Vergleich  zu  da  votheriga  Proba,  aber  die  Dichte  blieb  konsont,  wodurch  die  spezifiacbe 
Festigkeit  zunahm.  Eine  Berechnung  des  Faserroiumenanteils  ergab  Wene  von  etwa  40 %,  die 
Bnichdehnung  wurde  mit  0.4  %  betechnset.  wihtead  die  Nicaionfaaer  eine  Brachdehnung  von 
1  %  aufweisL  Dieser  Unterschied  weist  darenf  hie,  da£  die  Beechichtung  aide  jede 
Rififottpflanzung  in  die  Faser  hineia  verhinden  und  daher  eine  vollstUdige  Entftltang  dee 
PotentialsdieserVetbunde  oichterreicht  wird.  Die  Brachdehnung  des  Verbundes  liegthdber 
als  die  der  Matrix;  die  BeKhkhtungot  also  teilweise  wirksam,  umWechselwitfcungeazwtscha 
Faser  und  Matrix  auszuschalten. 

Beider  letzien  Probenreihe  wurde  eiaanderer  Precursor  fQr  die  Abscheidung  des  Kohknsmff- 
coetinp  verwendeL  Die  in  Abb.  20  zu  erkennendea  Vetbesserunga  der  Festigkeit  waren  nicht 
so  ausgeprtgt  wie  in  der  vorangegangenen  Rethe,  aber  die  Durchbiegungskurven  deuten  auf 
einen  ziheren  keramischen  Verbund  bin.  Selbst  nach  3  Imprfgmerzykka  war  das  nichtkatastrtv 
phaie  Versagen,  dutch  das  die  Fllche  unter  der  Kurve,  die  ein  MaS  FQr  die  aufgewendete  Ener- 
giedantellt,  grdfier  wird.  voriienschend.  Nach  biszu  3  Imprggnknykla  wurde  auf  Grand  des 
nichtkausuophalen  Versagens  kein  ZurOckgehen  der  Festigkeit  festgestelk.  Die  geringere 


Festigkeit  wird  auf  cinen  genngeren  Fuervolumenanteil  (33  %  gegenuber  40%)  zurtickgefUhrt. 
wahrend  des  Beschichtungsprozesses  wurde  erne  dicke  Sctucht  aufgebracht,  die  erne  Vertfich- 
tung  des  Verbundes  wlhrend  der  Wiimebehandlung  in  der  HeiBpresse  verbindene,  was  zu  dem 
vemngenen  Faservolumenameil  in  Verbundkflrpern  fUhite. 

Auf  die  Faser  aufgebradue  Schichten  cragen  eutdeudg  daza  bei,  die  Leuamgen  keramucher 
Vctbundwcrtmoffe  zu  verbesaern.  Die  wiifclich  erzieite  Verbesarrung  der  Eigenscfaaften  hingt 
von  der  Art  des  verwendeten  Kohleastoffprecunor  ab.  Precunona,  die  die  Meaophasenbildung 
begflnsdgen,  ergaben  die  grOBten  Gewinne.  Eine  Scbicht  ana  remain  Gnpfait  dibfte  die 
mechaniscben  Eigenachaften  dieaer  Vertundaysame  weiier  verbcaaem. 

Bis  Kiether  wurden  die  Versuche,  die  Uristungsfthigheit  der  VcrbundkOtpcrzu  verbesaern.  auf 
die  VerbnderungderGrenzfllchezwischeaFaaeruad  Mania  gegrUndet  Risae,  die  in  der  sprtden 
Matrix  emstehen,  breiten  sich  teladv  ungehindert  aus,  bis  sie  eine  Faser  eneichea.  In  dieaer 
Untmuchung  wurde  eine  neueTecbnik  benutzt.  um  eine  Begrenzung  der  GrOfie  dieaer  Risae 
dadurcb  zu  eneichen,  dafl  zusltziiche  riflabienkende  Schichten  in  die  Matrix  des  Verbundes 
eingebraebt  wurden.  Dadurcb  kOraien  Risae  am  bis  zu  einer  beerisanaen  GrtBe  wachsen.  bevor 
sie  eine  GrenzfUche  eneichen,  an  der  sie  entwedor  gestoppt  Oder  in  etna  andere  Ricbnntg 
abgelenkt  werden,  wodurch  ihre  GrOfie  und  SpaanangsaueaaiiK  begrenzt  werden.  Um  dieae 
Wiricung  der  Einffihnmg  schwacb  gebundenar  GrcnzfUcfaaa  amerhafe  der  Maotat  zu  demon* 
stneren,  wuidenacbjederPolysilaninprlgnierung  eawlmprtgnieraag  mil  Kohtansmffprecur- 
sor  durcbgefQbn.  Du  nichdcatassropbaie  Venagen  trat  bei  alien  getestetea  VerbtmdkOrpern 
ein.VerbundkflrpermiteineraFaservoiumengebaltvoa2SVoi-%.beidenea3Iinprtgiiieruiigea 
mitPoiysilanundS  mu  Kohlenstoffpresunor  durchgefitat  wurden,  zeigmeineifancbacbnitt- 
licbe  Biegefesugkek  von  0.3  GFl  Dieaer  Wen  nuukien  die  hOcbste  wibrend  der  geaamten 
Arbeit  gemessene  Festigkeit  (Abb.  21).  DieUm-VDurchbiegongstagvenin  Abb.22deatenauf 
einen  zlben  VerbundwerfcstofT  rait  hoher  Festigkeit  bin.  Die  EinfUhnaag  voo  Zwiscbenachich- 
ten  hat  also  die  Leisungen  der  Verbunde  verbesssen. 
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SCHLUSSFOLGERUNGEN 

1.  Die  TempernurbesOndigkeit  der  Polycaiboeilane  hlagt  voo  Molekulargewicht  und 
Molekulargewichtsveneilung  ab. 

2.  Die  Oxidation  Oder  Zugabe  von  Brennhilfsmoeln  stabilised  Polycaiboailane.  was  zu 
Proben  nut  beuerer  Fonabestitadigkeit  and  bdherer  Ausbeute  each  dea  Bremen  fUhrt 

3.  Die  Schrumpfung  wihrend  der  Pyrolyse  der  Polycarbosilaae  kana  dutch  Zugabe 
venchiedener  kenmiscber  FOlier  beeinfluflt  werden. 

4.  Die  Zugabe  von  Foilem  verscbiecfttertdie  mecbaniacbea  ELgenschafteo 
dispcrsionsventliter  polycarbosilinbasiexter  VcrbondweriaioflB. 

3.  MitPolycarborilaninfiltrierteNicalon-FnetbCndelatgebennachdarPyrotyaBCiaBiehr 
hssige  Matrix. 

6.  Mehrera  Imprtgnierxykten  rind  erfbrdertich,  uai  eiaea  Vcrtendkarper  aos 
Poly  cartesian  und  Endtoefasera  narhTuvmdtohMa 

7.  Zu  Polyvinylsilin  zugeaeoae  FBlkr  vtibatMra  die  mechanierhen  Eigenacbaftee  nod 
setzen  die  Scbnunpfung  herab. 

8.  Die  FVugfceit  der  Polyviaylsilane  zur  Querverneanag  erlaubt  es,  zur  Vorformung  der 

Vnffffliyfjflipr  MZUWtOdCB. 

9.  Mehrfache  bnprtgnienmgea  sind  erfordertich,  um  die  mecbanischen  Eigeaschaften  der 
Verbundkorperzu  vettessern;  UnacbehierfBr  rind  die  geringenAuibeumund  die  grade 
Schrumpfung  der  Polyvinylrilaae. 

10.  Die  reakuveOberfUcbe  der  Nicalonfeseni  und  die  Naur  der  Abbemeaktionea  wihread 
der  Pyrolyse  flUuen  zu  einer  saifcen  chemiechea  Bindung  zwiacben  Matrix  and 
Verslthungskomponmie. 

11.  Eine  starke  Bindsag  zwiacben  Faser  and  Matrix  fllbrt  za  Verbonden  mil  geringer 
Zihjgkeit  iH 

12.  Potymere  Kofakastofffrrecunortn  kflnnen  verwendet  werden.  um  schweche 
OrtnzfMcben  auf  der  Faaer  Oder  scbwacbe  ZwiKheascbichtea  inneihalb  der  Matrix 
eiazuflUBen. 

13.  Die  Entkopplung  der  Fsser  von  der  Matrix  fOfcrt  zu  neaoeaswcnen  Verbetserungen  der 
Fesdgkeit  und  der  Biucharbeit  der  VerbundkOrper. 

14.  Eine  aus  vielen  Schichten  aufgebauie  Matrix  erweist  sich  als  hilfreich  bei  der  Beeinflus* 
sung  dee  Brachverbaliens.  wodurch  Festigkeit  und  Brucharbeit  des  Vetbundes 
verbessen  werden. 
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Vacuum  bag  lay-up  construction. 

Composite  processing  flow  diagram  for  polyvinyl- 
silane. 

Pol ysl lane  composite  flow  diagram  Involving  carbon 
Impregnations. 

TGA  curve  for  pyrolysis  of  polycarbosllane,  2#C/m1n 
beating  rate  under  nitrogen  gas. 

TGA  curves  for  pyrolysis  of  oxidized  polycarbosllane, 
2°C/m1n  heating  rate  under  nitrogen  gas. 

TGA  curves  for  pyrolysis  of  polycarbosllane  with 
TNBB,  2°C/m1n  heating  rate  under  nitrogen  gas. 

Shrinkage  of  pyrolysed,  particulate  reinforced 
polycarbosllane. 

Shrinkage  of  pyrolysed  polycarbosllane  as  a  function 
of  weight  percent  SIC  whiskers  added. 

Volume  of  percent  shrinkage  of  pyrolysed  polycarbo¬ 
sllane  as  a  function  of  weight  percent  ceramic 
filler. 

Flexural  strength  of  pyrolysed,  particulate  reinforced 
polycarbosllane. 

Modulus  of  pyrolysed,  particulate  reinforced  poly¬ 
carbosllane. 

TGA  curve  for  pyrolysis  of  polyvinyl  si lane  to  1000'C 
at  2*C/m1n  under  nitrogen  gas. 

Porosity  versus  Impregnation  number  for  polyvlnyl- 
sllane/nlcalon  composite.  The  polyvinyl si lane  was 
filled  with  25w/o  boron  nitride.  No  carbon  fiber/ 
matrix  Interfaclal  coating. 

Oenslty  versus  Impregnation  number  for  polyvlnyl- 
sllane/nlcalon  composites  with  particulate  fibers. 

No  carbon  fiber/matrix  Interfaclal  coating. 

Modulus  of  pyrolysed  nlcalon  fiber/polyvinyl  silane 
matrix  composites.  The  matrix  was  particulate 
reinforced,  but  no  fiber/matrix  carbon  Interfaclal 
layer  was  used  to  arrest  cracks. 
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FIGURE  16:  Flexural  strength  of  pyrolysed  nicalon  fabrlc/poly- 
vinylsllane  composites.  The  matrix  was  particulate 
reinforced,  but  with  no  crack  stopping  fiber/matrix 
interface. 

FIGURE  17:  Stress-strain  response  curve  for  a  ceramic  matrix 

composite  with  OX  coupling  between  fiber  and  matrix. 


FIGURE  18:  Flexural  strength  of  pyrolysed  nicalon  fabric/par¬ 
ticulate  reinforced  polyvlnylsllane  with  an  opti¬ 
mized  crack  arresting  fiber/matrix  interface. 


FIGURE  19:  Load/deflection  curves  for  pyrolysed  nicalon  fabric/ 
particulate  reinforced  polyvlnylsllane  with  a  crack 
arresting  fiber/matrix  Interface. 

FIGURE  20:  Load/deflection  curves  for  pyrolysed  nicalon  fabric/ 
particulate  reinforced  polyvlnylsllane  with  an  opti¬ 
mized  crack  arresting  fiber/matrix  Interface. 


FIGURE  21:  Flexural  strength  of  pyrolysed  nicalon  fabric/ 
particulate  reinforced  polyvlnylsllane  matrix 
composites  with  multiple  crack  stopping  Interfaces. 

FIGURE  22:  Load/defl action  curves  for  pyrolysed  nicalon  fabric/ 
particulate  reinforced  polyvlnylsllane  matrix  with 
multiple  crack  stopping  Interfaces. 
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TABLE  I:  Shrinkage  and  mechanical  properties  for  pyrolysed, 
particulate  reinforced  polyvlnylsllane. 
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CHEMICAL  VAPOR  DEPOSITION  OF  SILICON  CARBIDE 
USING  METHYLTRICHLOROSILANE 

R.P.  Boisvert  and  R  J.  Diefendorf 
Qetrnon  University,  Ceramic  Engineering  Department 
Clemson,  SC  29634-0907,  USA 


INTRODUCTION 

Fiber  reinforced  ceramic  matrix  composites  .  --  a  promising  clas  of 
structural  materials  for  applications  which  require  high  strength, 
high  stiffness,  low  density  and  most  importantly  some  degree  of 
damage  tolerance.  The  performance  of  ceramic  matrix  composites  has 
been  found  to  depend  critically  on  the  nature  of  the  fiber -matrix 
interface.  In  general,  the  strength  of  the  interface  must  be 
sufficiently  low  to  deflect  cracks  and  allow  fiber-pullout,  while 
tensile  failure  strains  often  approach  one  percent  for  the  compos¬ 
ite.  matrix  microcracking  frequently  occurs  at  just  a  small  frac¬ 
tion  of  the  failure  strain.  Matrix  microcracking  allows  internal 
oxidation  of  the  crack  deflecting  interface  layer  at  high  tempera¬ 
ture  which  subsequently  causes  embrittlement  at  room  temperature. 

Multiple  crack -deflecting  interfaces  were  introduced  within  the 
matrix  in  an  effort  to  increase  the  strain  at  which  matrix  micro¬ 
cracking  occurs  [1.2].  The  concept  was  to  limit  the  maximum  flaw 
dimension  in  the  matrix,  and  also  make  a  tough  lamellar  composite 
matrix.  The  objective  of  the  present  research  was  to  develop  a 
technique  whereby  the  matrix  layering  could  be  simply  controlled. 
The  work  is  separated  into  two  parts:  1)  defining  the  deposition 
conditions  to  deposit  pure  SiC  uniformly  throughout  a  fiber 
preform,  and  2)  depositing  multilayered  matrix  composites  and 
determining  their  structure  and  properties.  This  paper  reports  on 
the  first  part  for  the  chemical  vapor  infiltration  of  silicon 
carbide  from  methyl trichlorosi lane  (MTCS)  and  hydrogen. 

EXPERIMENTAL.  TECHNIQUES 

The  silicon  carbide  deposition  studies  were  carried  out  over  a 
temperature  range  of  750-1300*0,  pressure  range  of  267-1333Pa,  and 
a  Ha:CH,SiCl,  ratio  of  8  to  15:1  in  a  hot  wall  tubular  reactor  held 
at  constant  deposition  conditions  during  the  run.  In  addition  to 
the  Nicaion  tow  substrates,  graphite  bars  were  used  for  depositing 
coatings  for  x-ray  diffraction,  and  fine  diameter  (25um)  carbon  or 
tungsten  filament  were  utilized  to  determine  deposition  profiles 
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within  the  reactor.  The  diameter  of  the  coated  filaments  was 
measured  with  a  laser  diffraction  technique.  The  last  deposited 
surfaces  and  composite  fracture  surfaces  were  characterized  using 
scanning  electron  microscopy.  Matrix  layer  thicknesses  and 
microstructure  were  determined  by  optical  microscopic  observation 
of  polished  cross-sections.  The  purity,  crystal  structure,  crys¬ 
tallite  size  and  preferred  orientation  were  measured  by  x-ray 
diffraction.  Tensile  tests  were  performed  on  the  composite 
strands . 

RESULTS  AND  DISCUSSION 
Thermodynamic  Analysis 

Thermochemical  analysis  of  CVD  systems  has  proven  useful  for 
selecting  deposition  conditions.  A  total  of  46  gaseous  species  and 
4  condensed  phases  were  considered  in  these  calculations  which  used 
a  modified  version  of  Solgasmix-PV  [3,4) .  The  calculations  are 
subjected  to  constraints  which  include  conservation,  constant 
temperature  and  constant  total  pressure.  The  thermodynamic  equi¬ 
librium  state  that  results  allows:  1)  determination  of  condensed 
phases  deposited,  2)  the  theoretical  reaction  efficiencies,  and  3) 
the  partial  pressures  of  all  the  gaseous  species. 

Figure  1  illustrates  the  thermodynamically  stable  phases  as  a 
function  of  temperature  and  Ha/MTCS  ratio.  Only  two  regions,  p-SiC 
and  p-SiC+C(s) ,  were  identified  as  stable  compositions  for  the 
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conditions  studied.  At  low  H,/MTCS  ratios,  carbon  was  found  to  co¬ 
deposit  with  Sic.  Increases  in  total  pressure  extend  the  single 
phase  p-SiC  region  to  higher  temperatures  and  lower  Ha/MTCS  ratios. 

The  thermodynamic  efficiencies  for  the  deposition  of  SiC  from  MTCS 
and  Ha  were  calculated  as  a  function  of  Ha/MTCS  and  a  temperature 
and  pressure  range  of  1075-1475K  and  0.133-1.33kPa  respectively 


h^tcms 

FIGURE  1 
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(Figure  2) .  At  all  ratios  of  H,/MTCS,  carbon  is  essentially 


stripped  from  the  gas  phase.  Due  to  the  low  yields  of  Si  at  low 
Ha/MTCS  ratios,  excesses  of  C  are  co-deposited.  Similarly,  higher 
total  pressure  and/or  lower  temperature  also  increase  the  amount  of 
free  carbon  that  is  predicted  to  co-deposit. 

The  gas  phase  composition  as  a  function  of  Hj/MTCS  for  hetero¬ 
geneous  equilibrium  is  illustrated  in  Figure  3.  Hydrogen  and 


Hz/TCMS 
FZ80M  3 


hydrogen  chloride  are  the  major  species.  Silicon  dichloride  is  the 
predominant  Si  bearing  species  whereas  methane  is  the  main  carbon 
bearing  species.  The  low  equilibrium  vapor  pressure  for  MTCS  is  an 
indication  of  its  low  stability.  Rapid  changes  occur  in  partial 
pressures  of  all  species  when  hydrogen  is  initially  added  to  the 
system,  but  decreases  as  more  hydrogen  is  added. 
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Figure  4  illustrates  the  gas  phase  composition  as  a  function  of 


TEMPERATURE  (K) 
FIGURE  4 


temperature.  At  temperatures  below  HOOK.  SiCl4  is  the  predominant 
Si  bearing  species.  Above  HOOK,  SiCl,  becomes  the  most  abundant 
species.  Methane  has  the  highest  partial  pressure  for  carbon 
bearing  species  over  the  whole  range  of  conditions  studied.  (Page 
limits  permit  only  the  data  for  130Pa  to  be  shown.) 

Results  for  the  gas  phase  composition,  assuming  equilibrium  among 
the  gas  phase  species  but  not  with  respect  to  the  solid  phases 
(homogeneous  equilibrium),  show  several  differences  with  respect  to 
the  heterogeneous  equilibrium  values.  Methane  is  significantly 
more  abundant  whereas  the  reaction  product  HC1  is  obviously  more 
plentiful  for  heterogeneous  equilibrium. 

In  summary,  thermodynamic  calculations  indicate  that  high  reaction 
efficiencies  can  be  obtained,  but  free  carbon  is  predicted  to  co* 
deposit  with  the  silicon  carbide  at  the  lower  temperatures  that 
would  be  required  for  infiltration  of  a  fibrous  composite  preform. 

Deposit  Morphology  and  Structure 

Smooth  deposit  surfaces  with  rounded  growth  features,  similar  to 
cauliflower,  were  observed  at  low  temperature.  Atoms  are  expected 
to  have  low  surface  mobility  at  low  temperatures  which  favors 
continuous  nucleation  of  new  crystals.  At  high  temperatures, 
higher  surface  mobility  results  in  larger  crystallite  sizes  [5] 
which  is  manifested  in  the  strongly  facetted  morphologies  at 
temperatures  above  1300*C.  These  faceted  deposits  were  normally 
multiridged,  but  occasionally  crystals  with  regular  hexagonal 
cross-sections  were  observed.  X-ray  evidence  for  the  presence  of 
a-SiC  in  the  high  temperature  deposits  is  documented  later. 

Increases  in  the  H,/MTCS  ratio  or  decreases  in  pressure,  both  of 
which  decrease  supersaturation,  increase  the  faceting  of  the 
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deposit  surface.  Morphological  differences  along  single  deposits 
occurred  only  when  the  H,/MTCS  ratio  was  below  12:1.  For  example, 
ratios  of  8:1  and  temperatures  below  1000°C  resulted  in  uneven 
nucleation  at  the  inlet  of  the  reactor,  but  a  rounded  columnar 
deposit  was  formed  further  into  the  reactor. 

X-ray  diffraction  of  the  deposits  showed  them  to  be  (J-SiC  and  in 
some  instances  at  high  temperature  a-SiC.  Elemental  carbon  or 
silicon  was  not  identified  in  the  x-ray  patterns.  Deposits  were 
characterized  as  polycrystalline  with  a  high  degree  of  preferred 
orientation.  The  texture  was  dependent  upon  temperature,  pressure 
and  MTCS  flux.  The  (111)  texture,  with  the  (111)  plane  parallel  to 
the  substrate,  was  the  preferred  orientation  for  low  temperature, 
high  pressures  and  high  MTCS  flux.  At  high  temperatures,  low 
pressures  and  low  MTCS  flux,  the  texture  with  (220)  planes  parallel 
to  the  substrate  was  the  preferred  orientation  (6-81. 

Deposition  Profiles 


A  laser  diffraction  technique  was  i  to  quantify  the  potential 
for  deposition  by  measuring  depositi-  on  fine  filaments  which  were 
mounted  both  radially  and  axially  at  a  number  of  locations  within 
the  reactor.  A  typical  curve  for  an  axial  filament  is  shown  in 
Figure  5.  There  are  three  different  parts  to  these  deposition  rate 


DISTANCE  FROM  INLET(cm) 
FIGURE  5 


profiles.  The  increasing  rate  at  the  inlet  indicates  the  distance 
necessary  to  heat  the  reactant  gas  stream  to  temperature  and  create 
the  species  from  which  the  SiC  deposits.  The  central  region  of  the 
deposition  profile  provides  the  relatively  uniform  rate  which  is 
desirable  for  deposition.  The  decreasing  rate  in  the  third  region 
can  be  caused  by  depletion  of  reactants  or  decrease  in  temperature. 
A  series  of  runs  at  different  flow  rates  indicated  that  depletion 
was  not  a  factor  for  these  conditions.  Estimates  of  the  gas  tern- 
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perature,  using  a  fine  thermocouple,  suggested  that  the  decreasint 
deposition  rate  is  the  result  of  decreasing  temperature. 

Deposition  Kinetics 

The  effect  of  total  pressure  and  H,/MTCS  on  deposition  rate  was 
studied  over  the  temperature  range  of  1123-1271K  in  an  effort  tc 
define  the  deposition  mechanism.  The  deposition  rate  was  found  tc 
vary  linearly  with  pressure  and  partial  pressure,  but  neither  ploi 
went  through  the  origin.  Based  on  these  observations,  only  the 
apparent  activation  energy  based  on  deposition  rate  could  b« 
calculated.  The  Arrhenius  plot  of  deposition  rate  versus  recip 
rocal  temperature  clearly  indicates  a  transition  from  surfaci 
kinetic  to  mass  transport  rate  limiting  processes  with  increasinc 
temperature.  Figure  6.  The  apparent  activation  energy  for  lower 


temperatures  was  138kJ/mole,  which  is  characteristic  for  a  chemicaJ 
reaction.  Above  1473K,  the  apparent  activation  energy  decreased  tc 
13.4  kj/mole,  which  is  typical  of  a  gaB  diffusional  process.  ) 
calculation  for  mass  transport,  assuming  equilibrium  at  the  sur 
face,  is  also  shown  on  the  figure. 

Ceramic  Matrix  Composites 

The  deposition  conditions  for  forming  a  matrix  in  a  fibrous  pre 
form  must  uniformly  deposit  the  matrix  material  throughout  the  pre 
form.  Hence  the  mass  transport  in  and  out  of  the  preform  must  b< 
rapid  compared  to  the  surface  deposition  rate  such  that  the  concen 
tration  of  species  is  uniform  throughout  the  preform.  Single  towi 
of  Nicalon  SiC  fibers  were  used  as  a  substrate  to  study  the  effect, 
of  temperature,  system  pressure  and  reactant  gas  flow  rate  on  in 
filtration.  Temperatures  between  1023-1573K  and  pressures  betwee 
0 . 33kPa- 1 . 33kPa  were  studied.  Infiltration  conditions  selected  fo 
producing  the  composites  were  temperature  *  1273K,  pressure  =1.3 
kPa  and  H,/TCMS  ratio  ■  10,  based  on  deposition  rate  and  uniformity 

Specimens  were  fabricated  with  and  without  carbon  interfacia 
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coatings  between  the  fiber  and  matrix.  Best  results  were  obtained 
Cor  carbon  deposition  using  a  propylene  to  argon  ratio  of  1:5  at 
1373k  and  2.66kPa  pressure  for  2  hours.  In  addition,  specimens 
with  multiple  20um,  50um,  or  lOOum  matrix  layers  were  deposited 
with  carbon  coatings  between  the  matrix  layers.  Although  the 
mechanical  test  results  and  microstructure  will  be  reported  more 
completely  in  a  subsequent  paper,  proper  multilayering  doubled  the 
strength  and  improved  the  work  of  fracture  over  composites  with 
just  a  single  crack  stopping  layer  between  the  fiber  and  matrix. 
The  improvement  was  not  as  great  as  when  whisker  reinforced 
polymeric  precursors  were  used  to  form  the  matrix,  with  polymeric 
precursor  matrices,  the  effective  modulus  of  the  matrix  is  less 
than  that  of  the  fiber,  while  the  CVI  matrix  modulus  is  approxi¬ 
mately  two  and  one  half  times  greater.  Hence,  much  of  the  load  is 
carried  by  a  CVI  matrix,  and  a  substantial  drop  in  modulus  occurs 
with  matrix  microcracking.  However,  thinner  matrix  lamellae  appear 
to  produce  higher  strength,  and  also  appear  to  allow  thinner  crack 
stopping  coatings.  Future  studies  will  be  performed  to  determine 
if  improved  composites  can  be  fabricated. 

CONCLUSIONS 

The  chemical  vapor  infiltration  conditions  required  for  uniform 
deposition  of  pure  Sic  or  carbon  throughout  a  fibrous  preform  were 
determined.  No  excess  silicon  or  carbon  was  identified  by  x-ray 
diffraction  of  the  silicon  carbide.  Lamellar  matrix/continuous 
fiber  reinforced  composites  have  successfully  been  prepared  by  CVI, 
and  significant  improvements  in  composite  properties  were  observed. 
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ABSTRACT 

Hafnium  diboride  has  been  proposed  for  ultra-high  temperature  (>1800°C)  applications 
due  to  its  highly  refractive  nature.  HfB,  was  deposited  by  hydrogen  reduction  of  the  chlorides 
in  an  isothermal  CVI  furnace.  The  thermodynamics  and  mass  transport  of  the  reaction  were 
examined  to  aid  in  the  understanding  of  the  process.  Fine  cylindrical  capillaries  were  used  to 
simulate  the  macroporosity  within  a  fibrous  preform.  The  microporosity  was  studied  by 
infiltrating  carbon  fiber  bundles.  The  bundles  can  be  infiltrated  to  <15%  porosity. 

INTRODUCTION 

The  ability  to  operate  materials  at  higher  temperatures  has  benefits  in  terms  of  higher 
efficiency  and  performance.  These  extreme  conditions  require  the  development  of  new  material 
systems  capable  of  performing  in  oxidative  and/or  reducing  atmospheres  at  temperatures  in  excess 
of  180()°C.  Ceramic  materials  are  likely  candidates  for  these  conditions;  however  their  inherently 
low  fracture  toughness  indicates  a  need  for  reinforcement  with  proper  interface  control  to 
improve  damage  tolerance. 

Given  these  guidelines,  the  field  of  potential  materials  is  rather  limited.  One  of  the 
promising  in  this  group  is  carbon  fiber  reinforced  hafnium  diboride.  HfB,  is  a  group  IV A  boride 
with  a  hexagon  crystal  structure.  It  is  the  highest  melting  boride  with  a  melting  point  of 
3380°C.‘  It  also  lias  a  high  elastic  modulus  of  51)0  GPa.:  These  properties  are  indications  of  a 
strongly  bonded  material  that  would  retain  its  room  temperature  properties  at  elevated 
temperatures.  Wiley  measured  only  a  10%  decrease  in  modulus  at  1000°C.2  Creep  resistance 
should  be  good  since  hafnium  diboride  is  only  at  0.6Tm  at  1800°C.  Other  properties  of  hafnium 
diboride  are  listed  in  Table  I. 

The  oxidation  resistance  of  hafnium  diboride  is  relatively  good  in  the  ultra-high 
temperature  regime. M  Its  oxide  product  is  adherent  and  parabolic  behavior  is  observed.  Also 
at  lower  temperatures  B20,  provides  a  glassy  sealant  The  material  has  also  been  shown  to 
outperform  Space  Shuttle  RCC  heat  shield  samples.'  However,  the  recession  rates  that  have  been 
observed,  while  better  than  other  non-oxide  materials,  are  too  high  for  long  term  use  at  ultra-high 
temperature.  Thus  the  material  is  restricted  to  shorter  lifetime  applications  or  the  oxidation 
resistance  must  be  improved.  A  number  of  researchers  have  shown  that  additions  of  20  v/o  SiC 
significantly  decreases  the  rate  of  oxidation  to  levels  below  HfB,  or  SiC  alone/  7 


where  M  is  the  molecular  weight,  T  is  the  absolute  temperature.  P  is  the  pressure  in  atmospheres, 
a  is  the  collision  diameter  and  Q  is  a  dimensionless  function  of  temperature  and  the 
intermolecular  potential  field. 

The  molecular  diffusivities  were  then  obtained  by  extending  Hsu  and  Bird’s10  solution  of 
the  Stefan-Maxwell  equations  from  a  three  component  to  a  four  component  system.  The 
simplifying  assumption  that  the  diffusivity  was  constant  through  the  boundary  layer  was  made. 


The  porosity  within  a  fibrous  preform  can  be  assumed  to  consist  of  a  network  of 
cylindrical  pores.  In  calculating  effective  diffusivities,  the  effect  of  capillary  diffusion  was 
considered.  Knudsen  diffusion  plays  an  important  role  when  the  mean  free  path  of  the  gas  is 
significantly  larger  than  the  diameter  of  the  capillaries.  The  mean  free  path  in  the  CVD/CVI 
experiments  were  on  the  order  of  10  -  100  pm.  The  porosity  within  a  fibrous  preform  can  be 
considered  to  be  of  two  orders  of  magnitude;  the  micron  size  pores  within  a  fiber  bundle  and  the 
pores  between  fiber  bundles  that  are  on  the  order  of  several  hundred  microns.  Achieving  uniform 
deposition  to  full  densityinside  larger  pores  greatly  increases  the  time  for  infiltration.  The  mean 
free  path  is  approximately  the  same  as  the  pore  size,  which  places  the  diffusivity  in  the  transition 
region  between  Knudsen  and  purely  molecular.  The  effective  diffusivity  can  be  estimated  by: 


(3) 


Figure  3  shows  that  Knudsen  diffusion  has  a  significant  effect  even  at  pore  sizes  of  several 
hundred  microns,  and  thus  must  be  considered  in  any  mass  transport  calculations  for  CVI. 

Relative  fluxes  to  and  from  the  surface  can  be  calculated  from  the  product  of  the  effective 
diffusivity  and  the  concentration  gradient.  Figure  4  shows  that  although  a  large  amount  of  HC1 
is  produced  by  the  reaction  to  form  HfB2,  its  mass  transport  is  significantly  greater  than  that  of 
hafnium  tetrachloride.  Thus  in  a  mass  transport  controlled  reaction  regime,  diffusion  of  hafnium 
chloride  should  be  limiting. 

EXPERIMENTAL 


Hafnium  diboride  was  deposited  using  a  10  kw  graphite  resistance  furnace  with  a  hot  zone 
8"  long  and  1.75"  in  diameter.  Pyrolytic  graphite  disks  at  the  ends  provided  a  very  uniform 
temperature  distribution  along  the  length.  Substrates  used  for  deposition  were  Stackpole  2020 
graphite  bars  and  cylinders  drilled  with  fine  capillaries  from  150  pm  to  1030  pm  in  diameter  to 
simulate  the  larger  scale  porosity  in  a  preform.  Infiltration  of  carbon  fiber  bundles  were  studied 
to  provide  information  on  the  fine  scale  porosity. 

All  gases  were  controlled  using  mass  flow  controllers  except  the  hafnium  species,  where 
a  chlorine  flow  was  metered  into  a  bed  of  hafnium  sponge  (.-  0.75'  -» *20  mesh)  heated  to  350°C. 
The  resultant  rate  of  chlorination  was  measured  by  weight  loss  of  the  sponge.  The  experiments 
resulted  in  an  average  composition  of  HfClj  |4t0J.  The  chlorination  was  highly  reproducible 
allowing  flows  up  to  70  seem  to  be  predicted  within  2.3  seem  with  a  95%  confidence  interval. 
The  possible  reactions  that  could  occur  were  studied  by  Troyanov  et  al."  and  can  be  summarized 
as: 


occurs  within  the  capillary.  The  implications  of  this  profile  are  that  under  a  set  of  deposition 
parameters  certain  size  pores  can  be  completely  filled  at  a  much  higher  rate.  Capillaries  of  a 
number  of  different  sizes  were  examined  under  different  deposition  conditions.  The  results  can 
be  summarized  as  follows: 

1.  Penetration  depth  is  greater  for  lower  temperatures  and  larger  diameter 
capillaries. 

2.  Deposition  maxima  occur  only  inside  certain  capillary  diameters  with  a  given 
set  of  deposition  conditions. 

3.  At  higher  temperatures,  deposition  maxima  occur  in  larger  capillaries. 

4.  This  behavior  is  present  along  the  entire  length  of  the  hot  zone. 

Another  observation  was  an  initial  decrease  followed  by  a  region  of  constant  deposition  rate 
along  the  capillary  length  (Figure  10).  This  behavior,  with  a  properly  controlled  gas  composition, 
could  also  result  in  more  rapid  infiltration. 

In  an  effort  to  understand  how  a  maxima  could  form,  models  of  infiltration  were  reviewed 
to  see  if  any  predicted  this  behavior.  The  model  developed  by  Middleman12  incorporates  a  gas 
phase  reaction  and  predicts  that  deposition  maxima  could  occur  inside  a  capillary  depending  on 
the  magnitudes  of  the  rate  of  the  surface  reaction  compared  to  the  gas  phase  reaction.  However, 
this  model  assumes  that  the  gas  phase  reaction  occurs  only  within  the  capillary. 

CONCLUSIONS 

Hafnium  diboride  was  deposited  under  a  wide  range  of  conditions  by  the  hydrogen 
reduction  of  the  chlorides.  Direct  chlorination  of  hafnium  sponge  metal  proved  to  be  a  very 
reliable  technique  for  introducing  HfCl„  into  the  furnace.  CVD  surface  studies  proved  to  be 
valuable  but  insufficient  for  identifying  conditions  favorable  for  infiltration.  Studies  of  deposition 
within  cylindrical  pores  provided  insight  into  the  infiltration  process.  This  allowed  conditions 
to  be  identified  where  carbon  fiber  bundles  could  be  infiltrated  to  <15%  porosity.  Observation 
of  deposition  maxima  and  plateaus  indicate  that  with  further  study  it  may  be  possible  to  infiltrate 
the  macroporosity  of  a  preform  very  rapidly. 

Modeling  of  the  mass  transport  processes  indicate  that  at  higher  temperatures,  the  flux  of 
the  hafnium  specie  to  the  surface  should  be  limiting.  Thermodynamic  calculations  set  an  upper 
limit  for  reaction  efficiency,  while  providing  insight  into  the  equilibrium  gas  composition.  Current 
work  is  concentrating  on  modifying  the  gas  composition  to  understand  the  deposition  maxima 
and  plateaus. 
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PERCENT  REACTED 


TABLE  I:  HfB2  PROPERTIES 


Melting  Point: 
Elastic  Modulus: 
Poisson’s  Ratio: 
Density: 

Knoop  Hardness: 
Crystal  Structure: 

Thermal  Expansion: 


3380°C 
500  GPa 
0.1 1 

10.6  g/cc 

11.18  g/cc  (x-ray  diffraction) 
2900  kg/mnr  with  30g  load. 
Hexagonal 

a  =  0.314  nm  c  =  0.348  nm 
a.  =  5.21  x  10-7K  (R.T.) 
ae  =  6.03  x  107K  (R.T.) 
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FIGURE  l:  THERMODYNAMIC  EFFICIENCY 
OF  CVD  REACTION 
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FIGURE  4:  RELATIVE  RATES  OF  MASS  TRANSPORT 
TO  AND  FROM  THE  SURFACE 
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FIGURE  5:  ARRHENIUS  PLOT  SHOWING  THE  APPARENT 
ACTIVATION  ENERGY  OF  THE  REACTION 


C.  775°C  d.  725°C 


X500  10Nm 


FIGURE  7:  SKM  MICROGRAPHS 
OF  DEPOSIT  MORPHOLOGIES 
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FIGURE  9:  LONGITUDINAL  CROSS-SECTION 
OF  430  pm  CAPILLARIES 
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FIGURE  10:  INFILTRATION  AS  A  FUNCTION  OF 
CAPILLARY  DEPTH. 
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ABSTRACT 

Pyrolysis  of  organometallic  polymers  was  investigated  as  a  low  temperature 
processing  route  for  the  fabrication  of  ceramic  matrix  composites.  Two 
polymeric  precursors,  polycarbosllane  (PCS)  and  polyvinyl  si  lane  (PVS),  were 
used  in  this  study.  Ceramic  yields  as  high  as  85  wt  X  are  possible  when 
PCS  is  used  as  the  precursor.  Dimensional  Instability  and  mlcrocracking 
encountered  during  pyrolysis  can  be  overcome  by  the  addition  of  suitable 
ceramic  fillers.  Preliminary  mechanical  testing  results  of  continuous,  SIC 
fiber  reinforced  ceramic  matrix  composites  Indicate  the  fiber/matrix  interface 
Is  important. 

INTRODUCTION 

The  conversion  of  a  polymeric  precursor  Into  a  ceramic  artifact  has 
been  practised  for  many  years  in  the  carbon  and  graphite  Industry.  The  driving 
force  for  developing  the  polymeric  precursor  route  for  carbon  bodies  stems 
from  the  difficulties  In  attempting  to  produce  such  articles  by  others  means, 
such  as  casting  or  sintering.  As  a  result  of  similar  problems  associated 
with  other  ceramic  materials,  organometallic  precursors  have  been  developed 
which  allow  ceramic  formation  at  lower  temperatures  and  pressures  than  other¬ 
wise  required.  Careful  consideration  of  the  starting  materials  along  with 
appropriate  processing  cycles  Is  necessary  to  obtain  desirable  yields  and 
microstructures.  Factors  which  must  be  considered  for  a  successful  conversion 
of  polymer  to  ceramic  include:  pyrolysis  conditions,  polymer  structure  and 
the  thermal  stability  of  the  precursor. 

*fh1s  research  was  supported  by  Kaiser  Aerotech,  the  Office  of  Naval  Research- 
Oefense  Advanced  Research  Projects  Agency  (ONR-DARPA)  Contract 
#N00014-86-K07Q0. 


Much  of  the  revived  Interest  In  organometalllc  polymers  as  precursors 
to  ceramics  Is  due  In  part  to  the  success  of  Yajlma  and  coworkers  In  producing 
SIC  fibers,  and  complex  ceramic  shapes  from  polycarbosllane Their 
processing,  which  Is  based  on  the  work  of  Burkhard®,  Is  a  two  step  process 
which  produces  a  carbosllane  which  forms  microcrystalline  B-S1C  upon  pyrolysis 
to  temperatures  above  1200C.  The  major  processing  problems  associated  with 
polycarbosllane  and  other  polymeric  precursors  Include  shrinkage,  low  yields 
and  phase  purity.  These  obstacles  need  to  be  overcome  to  fully  exploit  the 
benefits  of  polymer  pyrolysis  over  conventional  processing  techniques. 

EXPERIMENTAL  PROCEDURE 
Particulate  Ceramics  via  Polycarbosllane 

Polycarbosllane  was  obtained  directly  from  Nippon  Carbon.  Polycarbosllane 
is  a  white  solid  which  can  be  dissolved  In  a  variety  of  solvents  or  crushed 
and  sieved  Into  a  fine  powder.  Particulate  reinforced  ceramics  were  produced 
by  adding  various  fillers  (e.g.,  SIC  powder  [325  mesh],  SIC  whiskers  [Tomax], 
and  Acheson  graphite  [Grade  38])  with  polycarbosllane  before  firing.  Crushed 
PCS  was  dissolved  in  n-hexane.  Then,  ceramic  filler  was  added  slowly,  and 
the  whole  solution  was  stirred  to  form  a  homogeneous  mixture.  Residual 
n-hexane  was  removed  by  stirring  at  room  temperature,  followed  by  air  drying 
for  24  hrs.  The  resulting  powder  was  crushed,  sieved,  and  then  compacted 
Into  the  desired  shape  by  cold  pressing. 

Polycarbosllane  must  be  thermoset  before  pyrolysis  by  either  oxidation 
or  the  addition  of  a  charring  agent.  Oxidation  was  performed  at  190C  for 
a  long  enough  period  to  thermoset  the  specimen.  Times  depended  on  sample 
thickness,  but  was  as  short  as  one  hour  for  powders.  The  thermolysis  cycle 
used  a  heating  rate  of  2C/m1n  up  to  1000C  followed  by  a  1-hour  soak,  all 
under  a  flow  of  nitrogen  gas. 
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Polyvinyl si lane  Ceramic  Matrix  Composites 

A  vinylic  polysilane,  developed  by  Schilling,  et  al.^,  was  also  Investi¬ 
gated  as  a  potential  SIC  precursor.  The  vinyl  and  S1H  groups  of  the  vinylic 
polysilane  provides  an  efficient  thermal  crosslinking  mechanism  not  Involving 
oxygen.  Crosslinking  occurs  via  a  combination  of  vlnyl/SIH  addition  and 
vinyl  polymerization  between  100C  and  270C.  The  vinylic  polysilanes  were 
supplied  by  the  Union  Carbide  Corporation. 

The  molecular  weight  and  structure  of  the  polyvinyl  si  lane  were  controlled 
to  provide  a  viscous,  translucent  thermosetting  polymer.  Vacuum-bag  technology 
was  used  to  manufacture  the  laminates,  which  were  subsequently  pyrolyzed 
to  form  a  ceramic  matrix  composite.  Typical  composite  test  specimens  were 
composed  of  6  fabric  layers  with  dimensions  of:  6.35<nn  wide,  3.18iran  thick, 
and  76.2mm  long;  but  plates  as  large  as  300mm  by  300mm  were  made  also.  Nlcalon 
in  the  form  of  eight  harness  satin  weave  was  used  as  the  reinforcement  for 
all  composites  reported  In  this  paper,  although  other  fibers  have  been  used. 

The  composite  processing  flow  diagram  is  as  follows:  the  epoxy  sizing 
was  removed  by  subjecting  the  fibers  to  a  temperature  of  700°C  under  argon 
for  2  hrs.  In  some  Instances  a  carbon  layer  was  placed  on  the  fiber  surface 
in  order  to  improve  fracture  behavior.  A  vacuum-bag  process  was  used  to 
form  the  laminate  and  was  cured  In  a  press  at  200C  for  6  hours  under  0.3 
MPa  (50  PSI)  pressure.  After  cure,  laminates  were  removed  from  the  press 
and  cut  Into  specimens  with  a  diamond  saw.  Pyrolysis  was  performed  In  a 
tube  furnace  under  a  nitrogen  atmosphere.  The  typical  conversion  cycle  was 
lC/mln  to  800C,  hold  800C  for  2  hours. 


Reimpregnation  of  pyrolyzed  bars  was  necessary  to  Increase  the  density 
and  mechanical  properties.  Composite  samples  were  submerged  In  a  polysilane 
bath  and  placed  under  vacuum  for  24  hours.  Then,  the  specimens  were  removed 
and  placed  In  an  autoclave  which  was  filled  with  argon  at  .83  MPa  and  heated 


to  200C  for  18  hrs.  Composites  were  removed  from  the  autoclave,  pyrolyzed 
and  analyzed  to  see  If  further  densifl cations  were  required. 

RESULTS  AND  DISCUSSION 

Pyrolysis  Characteristics 

Polycarbosilane  shrunk  when  heat  treated  to  800C  at  2C/m1n  under  a 
nitrogen  atmosphere.  Ceramic  yield  was  63  wt  X.  Crosslinking  of  polycarbo¬ 
silane,  by  oxidation  or  addition  of  a  charring  agent.  Increases  the  yield 
and  subdues  the  formation  of  porosity  (foam)  during  pyrolysis.  The  drawback 
of  both  methods  Is  the  Introduction  of  oxygen  Into  the  precursor.  At  high 
temperatures,  silica  and  CO  form  which  degrade  strength.  Figure  1  shows 
TGA  curves  generated  during  the  pyrolysis  of  PCS  under  various  conditions. 
Oxidation  or  the  addition  of  trl-n-butyl borate  not  only  eliminated  foaming 
but  also  increased  the  ceramic  yield  up  to  a  maximum  of  85  wt  X. 

One  of  the  major  advantages  of  PVS  over  PCS  Is  the  ability  to  thermally 
crosslink  the  polymer  without  Introducing  oxygen.  Polyvinyl  silane  crosslinks 
between  the  temperatures  100-260C,  above  which  the  precursor  begins  to  decom¬ 
pose.  The  time  required  to  completely  cure  polysilane  Is  dependent  on  the 
temperature  and  the  exotherm.  The  density  of  the  polymer  Is  1.0gm/cm3  before 
curing  and  ,75gm/cm3  after  curing  at  200C.  Figure  2  shows  the  TGA  curve 
for  PVS  heat  treated  to  1000C  at  2C/m1n  under  nitrogen  gas.  The  yield  for 
polysilane  Is  63,  62,  and  61  wt  %  when  heat  treated  to  800,  1000  and  1200C, 
respectively.  The  density  of  the  final  ceramic  when  heat  treated  to  1000C 
Is  2.05gm/cm3.  The  low  density  of  the  final  ceramic  Is  attributed  to  excess 
carbon  along  with  entrapped  fine  porosity. 

Particulate  Composite  Properties 

Oue  to  low  yields  and  large  differences  In  density  between  Initial  polymer 
and  final  ceramic  shrinkage  must  occur  during  pyrolysis.  Volume  shrinkage 
of  12.7mm  diameter  disc  of  stabilized  PCS  was  measured  at  58X.  This  shrinkage 
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leads  to  microcracks  especially  If  any  constraints,  such  as  fibers,  are 
present.  The  addition  of  ceramic  illlers  to  PCS  before  pyrolysis  was  found 
to  drastically  reduce  shrinkage,  Fig.  3.  No  shrinkage  is  observed  when  certain 
fillers  are  added  In  correct  proportions. 

The  modulus  and  strength  of  polycarbosllane  particulate  composites  were 
measured  by  three  point  bend  testing.  Composite  test  specimens  were  produced 
by  mixing  an  appropriate  filler  with  the  PCS,  pressing  Into  test  bar  shape, 
oxidizing  In  an  autoclave  for  24  hrs  at  175C  and  0.3  MPa  (50  PSI)  air  and 
heat  treating  to  1000C  at  2C/m1n  under  an  nitrogen  atmosphere.  Tables  I-III. 
As  opposed  to  continuous  reinforcement,  where  higher  fiber  volume  fraction 
Increases  performance,  the  strength  and  modulus  were  found  to  decline  with 
Increasing  filler  content.  Whisker  reinforced  composite's  were  found  to  have 
the  best  performance,  and  the  lowest  density.  Stabilized  PCS  with  no  filler 
add  tions  had  a  flexural  strength  of  96.5  MPa.  All  samples  tested  failed 
In  a  brittle  manner. 

Continuous  Reinforced  Composite  Properties 

Ceramic  composites  were  prepared  using  polyvinyl  si  lane  as  the  matrix 
precursor  and  Nlcalon  SIC  fabric  as  the  reinforcement.  SIC  whiskers  (15 
wt  %)  were  added  to  the  polysllane  to  reduce  shrinkage  and  control  micro¬ 
cracking.  Figure  4  shows  that  substantial  porosity  still  exl^t^  within  the 
composite  even  after  5  Impregnation  cycles.  A  large  portion  of  the  porosity 
results  from  matrix  shrinkage.  Poor  fabric  packing  and  resin  flow  also 
generates  porosity  during  lamination. 

Ceramic  composites  were  tested  mechanically  utilizing  a  three  point 
bend  apparatus.  Table  IV  lists  the  results  for  composites  with  no  carton 
coating  on  the  fiber  surface.  Flexural  strengths  increased  with  each 
Impregnation.  Samples  tested  after  the  Initial  pyrolysis  cycle  failed  in 
a  shear  mode  by  delamination  between  the  plies.  Failure  mode  changed  to 
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a  tensile  failure  after  two  Impregnations.  Brittle  failure  occurred  for 
specimens  with  two  or  more  Impregnations.  Poor  mechanical  performance  was 
attributed  to  good  bonding  between  fiber  and  matrix.  All  composites  tested 
at  the  failure  strain  of  the  matrix. 

To  determine  the  effect  of  a  weak  fiber/matrix  interface,  composites 
were  produced  utilizing  Nlcalon  SIC  fibers  which  were  carbon  coated  using 
various  cuts  and  concentrations  of  Ashland  240  pitch  In  trl chlorobenzene. 
Tables  V,  VI,  &  Fig.  5.  Altering  the  fiber/matrix  Interface  significantly 
Improved  the  mechanical  performance  of  these  composite  systems.  Failures 
were  typically  non-catastrophlc  with  large  amounts  of  fiber  pull-out  evident 
on  the  fracture  surfaces.  Composites  composed  of  fibers  coated  using  the 
toluene  Insoluble  fraction  of  A240  had  the  best  performance. 

CONCLUSIONS 

Polymeric  precursors  allow  the  fabrication  of  various  ceramic  materials 
at  relatively  low  temperatures  and  pressures.  Shrinkage,  low  yields,  purity 
and  microcracking  are  presently  limiting  their  successful  application  In 
the  fabrication  of  ceramic  matrix  composites.  However,  large  panels  or  com¬ 
plex  shapes  can  be  formed  via  conventional  compositing  techniques  which  can 
be  pyrolyzed  Into  a  ceramic  composite.  Mechanical  performance  of  these  com¬ 
posites  Is  good  when  the  fiber/matrix  Interface  strength  Is  properly  con¬ 
trolled. 
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TABLE  I 


THE  EFFECT  OF  SIC  WHISKER  ADDITIONS  ON  THE  PROPERTIES 
OF  PCS  MATRIX  PRECURSOR  COMPOSITES 


Wt 

75 

X  SIC  Whisker 

65  55 

%  Volume  Change 

17.7 

2.15 

-12.3 

Density  (gm/cm^) 

1.11 

1.27 

1.48 

Modulus  (GPa) 

1.48 

1.90 

3.79 

Flexural  Strength  (MPa) 

17.9 

24.8 

42.4 

TABLE  II 

THE  EFFECT  OF  SIC  POWDER  ADDITIONS  ON  THE  PROPERTIES 
OF  PCS  MATRIX  PRECURSOR  COMPOSITES 


75 

Wt  X  SIC  Powder 
65 

55 

X  Volume  Change 

1.50 

-4.62 

8.69 

Density  (gm/cm3) 

1.58 

1.62 

1.60 

Modulus  (GPa) 

0.97 

1.12 

1.21 

Flexural  Strength  (MPa) 

5.2 

6.2 

7.6 

TABU  III 

THE  EFFECT  OF  GRAPHITE  PONDER  ADOITIONS  ON  THE  PROPERTIES 

OF  PCS  MATRIX  PRECURSOR  COMPOSITES 

75 

Wt  X  Graphite 
65 

55 

X  Volume  Change 

6.39 

-7.20 

17.4 

Density  (gm/cm3) 

1.34 

1.49 

1.59 

Modulus  (GPa) 

0.56 

0.88 

1.05 

Flexural  Strength  (MPa) 

3.8 

9.5 

13.4 

TABLE  IV 


THE  PROPERTIES  OF  POL YV I N YLS I LANE/N I CA LON  COMPOSITES 
WITH  15  Wt  X  SIC  WHISKERS 
(Eight  Harness  Weave  -  No  Fiber  Coating) 


Preform 

0 

Impregnation  # 

1  2  3 

4 

5 

Density  (gm/cm3) 

1.59 

1.51 

1.72 

1.86 

1.95 

2.00 

2.04 

Modulus  (GPa) 

* 

20.2 

31.1 

38.7 

53.0 

58.7 

57.4 

Flexural  Strength  (MPa) 

* 

42.6 

52.3 

56.7 

61.2 

63.2 

59.7 

TABU  V 

THE  PROPERTIES  OF  POLYVINYLSILANE/NICALON  COMPOSITES 
WITH  15  Wt  X  SIC  WHISKERS 

(Eight  Harness  Weave  -  Fiber  Coated  Using  Ashland  240  Pitch 
In  Trl chlorobenzene  [.Olga/al]) 


Preform 

0 

Impregnation  # 

1  2  3 

4 

Density  (gm/cm3) 

1.64 

1.55 

1.71 

1.86 

1.95 

2.00 

Modulus  (GPa) 

* 

* 

5.8 

11.4 

29.0 

31.8 

Flexural  Strength  (MPa) 

* 

13.7 

21.6 

73.1 

91.7 

112.4 

TABU  VI 

THE  PROPERTIES  OF  POLYVINYLSILANE/NICALON  COMPOSITES 
WITH  15  Wt  X  SIC  WHISKERS 

(Eight  Harness  Weave  -  Fiber  Coated  Using  the  Toluene  Insolubles 
of  Ashland  240  Pitch  In  Trl chlorobenzene  [.0075gm/»1]) 


Preform 

0 

Impregnation  # 

1  2  3 

4 

5 

Density  (gm/cm3) 

1.54 

1.40 

1.60 

1.73 

1.81 

1.89 

1.92 

Modulus  (GPa) 

* 

6.0 

21.2 

33.9 

36.1 

39.0 

45.8 

Flexural  Strength  (MPa) 

* 

19.4 

76.5 

128.2 

128.2 

157.2 

126.2 

*No  data  available. 
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FIGURE  1:  TGA  Results  Compering  Various  Stabilization  Techniques  of 
Pol ycarbosl lane. 


FIGURE  2:  TGA  Results  for  the  Pyrolysis  of  Polyvinyl  si lane. 
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FIGURE  3:  Shrinkage  Results  for  Po 1 yea rbosl lane  Combined 
with  Various  Ceramic  Fillers. 
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FIGURE  5:  Mechanical  Strength  of  Nlcalon/Polyvlnylsllane 
Composites. 
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Continuous  Carbon  Fiber  Reinforced 
Carbon  Matrix  Composites 

Russeii  j.  Diefendorf,  Rensseloer  Polytechnic  Institute 


CARBON  FIBER  REINFORCED  CARBON  forced  CartotvGraphite  Maim  Composites  '  in  carton  composite  is  recycled  using  resin  or 

MATRIX  composites  have  many  of  the  destr-  this  Section  of  the  Volume  for  detailed  infor-  pitch  impregnation  and  additional  slow  carbon- 

able  high-temperature  properties  of  conven-  mation. )  Prepregs  with  phenolic  or  other  high-  izauon  cycles.  Graphiuzation  may  be  included 

tional  cartons  and  graphites,  including  high  char-yield  resins  are  used  to  fabricate  the  uni-  also,  to  encourage  porosity  for  impregnation 

strength,  high  modulus,  and  low  creep.  In  directional  laminates.  Preliminary  processing  is  and  to  provide  structural  stability  and  better 

addition,  the  high  thermal  conductivity  and  low  much  like  that  for  other  carton  fiber  reinforced  thermal  shock  resistance 
coefficient  of  thermal  expansion,  coupled  with  resin  matrix  composites  The  laminate  is  laid  Ideally,  the  precursor  should  be  thermoset - 

high  strength,  produce  a  material  with  low  up.  vacuum  bagged,  autoclave  or  press  cured,  ting,  to  prevent  liquid  exudation  upon  subse- 

sensitivity  to  thermal  shock.  Also  characteristic  and  postcured  Then,  the  matrix  in  the  compos-  quent  heating,  and  it  also  should  have  a  high 

of  carbon-carbon  composites  are  a  high  fracture  ite  is  carbonized  carefully  and.  often,  heat  carbon  yield  Thermosetting  phenolic,  furfural, 

toughness  and  a  pseudoplasticity,  the  latter  of  treated  to  a  higher  temperature  The  mamx  or  acetylenic  resins  provide  simple  processing, 

which  bears  a  resemblance  to  fiber-reinforced  material  loses  mass  and  densifies  dunng  this  but  generally  give  lower  density  carbon  matn- 

oolymers  These  attributes  make  carton-carbon  process  Bulk  shnnkage  is  constrained  by  the  ces  Thermoplastic  impregnants.  such  as  coal 

composites  uniquely  useful  at  temperatures  as  fibers,  and  extensive  matrix  microcracking  and  ur  or  petroleum  pitch,  also  can  be  used  They 

high  as  2800  °C  (5070  °F)  The  major  problems  void  formation  occur  within  the  composite  The  must  be  carbonized  very  slowly  and  usually 

with  carbon-carton  composites  have  been  high-  function  of  subsequent  processing  is  to  conven  under  10  MPa  <  100  ban  pressure,  to  prevent 

temperature  oxidation  and  off-fiber-axis  prop-  this  composite,  consisting  of  fibers  loosely  gaseous  products  from  exuding  the  impregnant 

ernes  coupled  by  matnx  carton  binder  bridges,  into  a  from  the  body  However,  the  density  of  carton- 

Unidirectional  carbon-carbon  composites  can  strong  matnx  ized  pitch  is  usually  higher  Multiple  pitch  or 

approach  the  same  strengths  and  moduli  as  Carbon  precursors  used  in  later  processing  resin  impregnations  under  pressure,  followed 
those  achieved  with  resin  matnx  composites  should  have  low  viscosity  as  well  as  good  by  carbonization  and  high-temperamre  heat 

Moreover,  because  their  properties  are  main-  wetting  to  allow  thorough  impregnation  (Fig.  treatments,  often  with  five  or  more  cycles,  is 

tamed  to  2000  *C  (3650  °F).  they  represent  the  1)  Carton  fiber  prepregs  are  fabncated  into  a  the  most  common  sequence  used  to  produce 

oremier  matenaj  for  men  atmosphere  or  shon-  desired  shape,  or  alternatively,  dry  fiber  is  laid  carbon -carton  composites, 

ime  high-temperature  applications  up  into  a  preform  and  then  impregnated  with  a  The  chemical  vapor  infiltration  (CVI) 

liquid  resin  or  pitch  The  resin  is  thermosct  and  (Ref  1 )  of  carton  uses  gaseous  hydrocarbons 

Carbon-Carbon  UrOCOMfOt  then  slowly  carbonized  Dunng  cartonizatton.  such  as  methane,  propane/propylene,  and  ben- 

the  resin  microcracks  extensively  because  of  zene  to  deposit  a  carbon  matnx  internally  in  a 

Carbon-carte  n  composites  were  developed  weight  loss  and  deruificauon.  although  resins  carton  fiber  preform.  The  process  can  be  per- 

io  withstand  the  harsh  but  different  conditions  with  low  weight  loss  are  used.  To  achieve  a  formed  using  three  different  methods.  In  the 

of  reentry,  rocket  motors,  and  aircraft  brakes,  higher  density  and  stronger  matnx.  the  carton-  most  commonly  used  technique  (Fig.  2a i  natu- 

Early  work  on  fiber-reinforced  polymers  used 
in  ablative  heat  shields  indicated  that  the  lowest 
ablation  rate  was  achieved  with  polymen  that 
gave  high  char  yields.  Suit  lower  ablation  rates 
were  achieved  by  prechamng  the  matnx  poly¬ 
mer  to  produce  what  was  referred  to  as  "burned 
toast  "  At  the  same  time,  carbon-carbon  com¬ 
posites  were  produced,  inadvertently,  in  the 
carbon  felt  insulation  in  pyrolytic  graphite  fur¬ 
naces  Two  processes,  liquid  impregnation  and 
gaseous  infiltration,  have  been  developed  to 
produce  the  present  high-performance  carbon- 
carton  composites. 

Liquid  Impregnation.  Carton  fibers  can 
be  taid-up  uruaxially.  in  either  two-dimensional 

fabrics  or  in  three-dimensional  woven  forms  <•>  ibi  <*» 

before  impregnation  with  a  matnx  matenal 

(Refer  to  the  ancle  " Multidirectional^  Rein-  1  Compotrte  tobrncw  of  profwm.  (a)  kiqrognohon.  (b)  Cotoniow.  (e)  GraefvtiisMn 
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ral  gas  or  other  carbonaceous  gases  are  flowed 
past  and  through  a  carbon  fiber  preform  located 
in  a  low-pressure  isothermal  furnace.  Uniform 
deposition  throughout  the  preform  can  be 
achieved  by  operating  at  a  temperature  suffi¬ 
ciently  low  to  permit  rapid  gaseous  diffusion, 
compared  to  deposition  of  carbon.  However, 
the  deposition  time  is  usually  very  long.  Mass 
transfer  through  the  fiber  preform  can  be  im¬ 
proved  by  tnductng  a  pressure  gradient  through 
it  i  Fig  2bi  The  deposition  rate  can  be  much 
higher  Enhanced  deposition  rates  can  be 
achieved  also  by  using  a  temperature  gradient 
deposition  process  ( Fig  2:' 

A  major  problem  with  CV1  is  to  achieve  the 
uniform  deposition  of  the  carbon  matrix 
throughout  a  thick  preform  Mass  transfer  from 
the  bulk  gas  must  be  sufficiently  high  in  the 
fiber  preform  to  keep  a  relatively  constant 
concentration  of  carbon-containing  molecules 
throughout.  Hence,  the  rate  at  which  carbon  is 
deposited  must  be  slow  compared  to  the  mass 
transfer  of  carbon  into  and  throughout  the 
preform  Mass  transfer  of  carbon-containing 
molecules  into  the  preform  is  usually  by  diffu¬ 
sion.  which  slowly  increases  with  temperature. 
The  deposition  of  carbon  is  complex,  but  the 
overall  process  has  a  high  temperature  coeffi¬ 
cient.  Hence,  the  relative  rates  of  the  two 
processes  can  be  vaned  by  adjusung  the  tem¬ 
perature  A  temperature  of  1000  to  1 100  ’C 
(1830  to  2010  °F)  is  commonly  used,  along 
with  a  pressure  of  500  to  3000  Pa  <  5  to  30  mbar) 
to  achieve  a  relatively  uniform  deposition  of 
carbon  throughout  a  pan  10  mm  (0  40  in.  I 
thick  More  rapid  mass  transfer  can  be  achieved 
by  placing  a  pressure  drop  across  the  fiber 
preform  (Fig.  2b)  However,  the  deposition  rate 
decreases  as  the  pressure  decreases,  which 
produces  nonuniform  deposition  through  the 
preform  A  pressure  gradient  process  can  be 
used  at  the  end  of  ;  conventional  cycle  when 
mass  transfer  through  uny  pores  is  extremely 
slow  An  alternative  is  to  use  a  temperature 
gradient  such  that  carbon  is  deposited  at  a 
moving  boundary  that  sweeps  through  the 
thickness  (Fig  2c).  The  deposition  time  can  be 
significantly  decreased  because  mass  transfer  of 
the  deposition  gases  is  mostly  through  pans  of 
the  preform  that  have  not  yet  been  deposited 
upon  Unfortunately,  the  technique  produces  a 


vanauon  in  microstructure  because  deposition 
occurs  at  different  temperatures  A  problem 
with  all  present  CV!  processes  is  closed  pore 
formation  caused  by  the  sealing  off  of  bottle¬ 
neck  pores,  and.  more  insidiously,  delaminated 
regions  However,  high-temperature  heat  treat¬ 
ment  may  be  employed  to  induce  microcracks 
in  the  matnx  to  be  filled  in  the  subsequent  CVI 
process.  Using  liquid  impregnation  to  produce 
relatively  uniform  open  pores,  followed  by 
CVI.  is  another  attractive  alternative. 

Umldlraeflmmml  Prapartla* 

The  properties  of  a  carbon-carbon  composite 
depends  on  the  fiber  and  matrix  constituent 
properties  and  the  coupling  between  them. 

The  mechanical  behavior  of  carbon-carbon 
composites  in  tensile  fracture  behavior  differs 
from  that  ot  resin  matrix  comp  sites  in  two 
major  ways.  First,  the  polymers  used  in  many 
current  applications  have  much  higher  strains  to 
failure  than  do  the  fiber  reinforcement,  in 
carbon-carbon  systems,  the  strain-to-failure  of 
the  matnx  is  usually  lower  than  that  of  the 
fibers  and.  indeed,  is  frequently  microcracked 
from  processing  stresses  Hence,  instead  of  the 
fibers  initiating  failure,  as  in  a  polymenc  com¬ 


posite.  the  carbon  matnees  fail  fiw 
ond  major  difference  is  that  the  moaUh  0I 
and  matnx  may  be  similar  Hence  tne  oaa 
be  shared  more  evenly  between  matnx  ana  * 
than  for  the  polymenc  system  l0e’ 

Even  though  these  two  differences  e«i<,t 
tween  polymenc  and  carbon  matnx  sssie^ 
the  general  approach  to  increasing  the  siren"' 
and  fracture  toughness  is  the  same 
when  fibers  or  matnx  in  a  composite  t*?,n ) 
fail  in  a  statistical  sequence,  it  is  advantage  r’ 
to  prevent  these  local  failures  from  Dropaeat  U' 
through  the  rest  of  the  pan  and  causms  J."' 
strophic  failure 

Fractur*  teheviar.  Generali*,  ir*  _-0u 
pling  between  fibers  and  matnx  that  anses  :rom 
both  chemical  and  mechanical  bonains  ,s 
strumental  in  controlling  crack  propagation  ana 
the  extent  of  damage.  The  fiber  t\pe.  main 
precursor,  and  subsequent  type  ot  processinj 
determine  the  strength  of  the  tnterfaciai  cou. 
plmg  T wo  extreme  cases  that  of  I  OOr  ana  or, 
coupling,  desenbe  the  limits  expenmentaiu 
observed  in  carbon-carbon  composites 

For  a  strong  interfacial  bond,  the  crack 
which  forms  in  the  lower  strain-to-iailure  ma 
tnx.  propagates  across  the  fiber-matnx  inter, 
face  to  cause  immediate  fiber  failure  <  Fig  jj. 
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1  Mechanical  properties  of  unidirectional  carbon  carbon 
smposites  (-55  vol%) 
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therefore.  failure  is  brittle  and  the  strength  of 
he  composite  is  governed  by  the  strain-to- 
ulure  of  the  matrix  Higher-strength  compos- 
tes  can  be  obtained  by  using  higher-modu!  js 
'ibers.  but  the  strain-to-failute  will  still  remain 
ow  (Ref  2).  Fibers  that  are  surface  treated  to 
iromote  adhesion  and  matnees  with  high  car- 
ionization  shrinkages  both  promote  this  strong 
oupling  between  matrix  and  fiber,  in  the  first 
:ase  by  chemical  bonding,  and  in  the  second 
ase  by  compressive  stresses  normal  to  the 
nterface  (Ref  3.  4). 

When  poor  coupling  exists  between  fiber  and 
natnx.  the  composite  can  show  a  substantial 
nertase  in  strength  and  fracture  toughness 
•hen  loaded  parallel  to  the  fiber  axis  In  this 
ase.  as  the  composite  is  loaded  up  to  the 
iilure  strain  of  the  matrix,  the  matrix  cracks 
ause  a  debonding  between  matrix  and  fiber  as 
he  crack  approaches  the  interface  The  fiber 
ndges  the  crack  and  maintains  load-bearing 
apability  (Fig  3b)  Matrix  cracks  are  often 
ibserved  to  run  across  the  full  width  of  the 
pecimen  normal  to  the  stress  Numerous  ma- 
nx  cracks  can  form,  and  the  effective  stiffness 
>f  the  composite  decreases  The  exact  nature  of 
he  stress-strain  curve  depends  on  the  fiber  and 
natnx  moduli  and  the  flaw  distnbutions.  In- 
reasing  load  initiates  fiber  fracture  and  failure 
f  the  test  is  displacement  controlled,  the  load 
ncreascs  to  a  maximum  at  which  significant 
iber  fracture  occurs,  and  then  decreases  slowly 
«  fibers  pull  out  of  the  matrix  (dotted  line  in 
:>g  3b).  In  many  cases  with  carbon-carbon 
omposites.  the  matnx  is  heavily  microcracked 
rom  processing  shrinkages,  or  from  cool-down 
rom  a  high-temperature  heat  treatment.  Then, 
he  large  discontinuity  that  occurs  when  the 
natnx  fractures  is  largely  absent  (Fig  3c>. 

The  effect  of  fiber-matnx  coupling  on  me¬ 
chanical  properties  has  been  documented  by 
studying  polyacrylomtnle  (PANi-based  carbon 
ibers  of  different  moduli  with  and  without 
urface  treatments  to  promote  fiber-matnx  cou- 
8mg  (Ref  4.  5).  The  coupling  for  resin  matnx 
omposites  is  observed  to  decrease  with  in- 
-leasing  modulus  for  both  untreated  and  sur- 
ace-treated  fibers,  although  the  magnitude  is 
ugher  for  surface-treated  fibers  C  R  Thomas 
md  E.J.  Walker  (Ref  5)  found  that  both  AU 
untreated)  and  AS  (surface-treated)  lower 


carbon-carbon  composites  failed  at  the  failure 
strain  (0  13:1  of  the  matnx.  and  only  low- 
strength  composites  were  ever  produced  When 
higher-modulus  high-tensile  fHT)  (265  GPa.  or 
40  x  10*  psi)  fibers  were  evaluateo.  surface- 
treated  fibers  still  fractured  at  the  matnx  failure 
strain  However,  high-tenstie  untreated  surface 
iHTL')  fibers  produced  much  higher  strengths 
and  fracture  toughness  (Table  I)  For  still 
higher  moduli  (400  GPa.  or  60  x  10®  psi) 
surface-treated  (HMS)  fibers,  the  mechanical 
properties  of  the  composite  depended  on  the 
heat  treatment  temperature.  Heat  treatment  at 
1000  °C  (1830  °F)  produced  carbon-carbon 
composites  that  failed  at  2S0  MPa  (35  ksi)  or 
the  failure  strain  of  the  matnx  (0.1  to  0.2%). 
and  had  a  fracture  toughness  of  1  kJ/m;  (70  ft 
Ibf/fri  Heat  treatment  to  a  temperature  of  2600 
°C  (6510  ”F)  caused  microcracking  on  cool¬ 
down  and  decoupling  within  the  carbon-carbon 
composite.  The  strength  more  than  doubled  and 
fracture  toughness  increased  by  a  factor  of  20 
High-modulus  untreated  (HMU)  surface  (400 
GPa.  or  60  x  10®  psi)  composites  produced 
good  toughness  and  strengths  even  after  car¬ 
bonization  ( 1000  °C  or  1830  °F) 

The  high-temperature  properties  of  HM 
composites  have  been  measured  from  room 
temperature  to  2000  *C  (3630  ”F).  The  mod¬ 
ulus  decreases  from  180  GPa  (26  x  10®nsi)at 
room  temperature  to  175  GPa  (25  x  10®  pst)  at 
2000  °C  (3630  T)  Tensile  strength  is  also 
surprisingly  constant,  varying  from  0.95  GPa 
<0.14  x  10®  psi)  at  room  temperature  to 
1.2  GPa  (0.17  x  10®  psi)  at  1000  °C  ( 1830  ®F) 
and  1.1  GPa  (0  16  x  10®  psi)  at  2000  'C 
(3630  °F).  However,  strain-to-failure  increases 
from  0.48%  at  room  temperature  to  0  65%  at 
1000  *C(  1830  *F  land  0  73%  at  2000X13630 
°Fi  (Ref  5) 

Weak  fiber-matnx  interfaces  allow  the  fiber 
strength  to  dominate  the  composite  strength 
parallel  to  the  fiber  axis  and  to  have  a  high 
fracture  toughness  value  because  of  the  fiber 
pullout  from  the  matnx  However,  off-axis 
strengths  such  as  shear  and  transverse  tension 
are  severely  degraded  (Ref  6)  in  many  appli¬ 
cations.  it  is  these  off-axis  stresses  that  limn  the 
design 

Moduli.  The  type  of  matnx  precursor  affects 
the  moduli  of  the  composites  as  well  (Table  2) 
(Ref  4).  Resin  precursor  binders  and  impreg- 


Table  2  Cffact  of  matrix 
precursor  on  composite  modulus 


M  im  *C  (ISM  T  ■  SMS  T  l«Tlt  T  ' 

Phenolic  ream  1 10*  140% 

Pitch  130%  210% 

Nose  Fiber  soffatiaj  factor  atuiiMB|  all  saffani  conns  from  MM 
fiber 


nams  usually  yield  low-modulus  isotropic  car¬ 
bons.  and  at  low  volume  fractures  do  not 
contnbute  substantially  to  composite  moduli 
By  companson.  pitch  precursors  generally 
transform  to  a  me  so  phase  (liquid-crystalline) 
state,  which  most  frequently  orders  parallel  to 
the  fiber  axis.  A  highly  onented  graphitic 
matrix  is  produced  upon  graphitizauon  and 
provides  a  high-modulus  comnbunon  parallel 
to  the  fiber  axis. 

Fotigua.  The  fatigue  of  carbon-carbon  com¬ 
posites  might  be  expected  to  be  a  problem 
because  of  the  extensive  matnx  microcracking 
that  is  present  before  even  the  fust  loading. 
Matrix  cracks  do  increase  dunng  cycling,  and 
decreasing  modulus  and  dusting  of  the  matnx 
from  the  composite  have  been  observed.  Trans¬ 
verse  tensile  strength  and  shear  strength  are 
likely  to  be  degraded  dunng  fatigue  tests  loaded 
parallel  to  the  fiber  axis.  However,  fatigue  nas 
been  found  to  be  proportionately  as  good  as 
with  resin  matnx  composites  (Ref  7) 

Thermal  Expansion.  The  thermal  expan¬ 
sion  of  unidirectional  carbon-carbon  compos¬ 
ites  tends  to  be  dominated  by  the  fibers  parallel 
to  the  fiber  axis.  Thermal  expansion  coeffi¬ 
cients  vary  from  being  slightly  negative  at 
room  temperature  fo  high-modulus  fibers  10 
being  slightly  positi  e  for  low-modulus  fibers 
The  coefficients  become  posmve  at  higher 
temperatures  but  in  all  cases  remain  low  The 
transverse  thermal  expansion  coefficients  de¬ 
pend  on  matnx.  fiber,  and  voids.  The  an¬ 
isotropic  nature  of  the  graphite  crystal 
thermal  expansion  causes  microcracking  be¬ 
tween  basal  planes  upon  cool-down  because  of 
mechanical  constraints.  The  planar  voids, 
which  form  upon  tool -down,  are  expanded 
upon  reheating.  A  lower  thermal  expansion 
coefficient  than  might  be  expected  can  result 
However,  the  transverse  thermal  expansion  is 
several  times  the  axial  expansion.  This  differ¬ 
ence  in  the  thermal  expansion  coefficient  will 
generate  sufficiently  high  residual  stresses 
dunng  cool-down  from  processing  so  that 
laminates,  such  as  0*(90*-(0°.  cannot  be 
manufactured  with  good  mtegnry  A  partial 
solution  has  been  the  use  of  fabrics,  which 
minimize  this  problem. 

Oxidation  of  carbon-carbon  composites 
can  begin  at  temperatures  as  low  as  400  °C 
(750  *F)  The  rate  of  oxidation  depends  on  the 
perfection  of  the  carbon  structure  and  its 
punty.  Highly  disordered  carbons,  such  as 
carbonized  resins  givers  low-temperature  heat 
treatments,  will  oxidize  at  appreciable  rates  at 
400  *C  (750  ®F).  Highlv  graphitic  structures. 


modulus  (230  GPa.  or  35  *  10®  psi)  fibers  in 
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such  as  pitch-based  carbon  fibers.  can  be 
heated  as  high  as  650  °C  (1200  *F)  before 
extensive  oxidation  occurs.  At  these  low 
temperatures,  carbons  are  very  susceptible  to 
catalytic  oxidation  by  alkali  metals,  such  as 
sodium,  and  multivalent  metals,  such  as  iron 
and  vanadium,  at  extremely  low  concentra¬ 
tions  Therefore,  the  oxidation  rate  often  is 
determined  by  the  initial  punty  of  the  carbon- 
carbon  composite  or  by  in  service  contamina¬ 
tion  Borates  and  particularly  phosphates  have 
been  founc  to  inhibit  oxidation  up  to  about  600 
"C  (lilt  R  (Ref  8).  Oxidation  at  higher 
temperatures  becomes  more  rapid  and  by  1300 
’C  (2370  °F)  is  completely  limited  by  mass 
transport  of  oxygen  to  the  surface  and  carbon 
monoxide  and  dioxide  away  from  it.  Oxidation 
protection  at  high  temperatures  is  discussed  in 
the  article  "Oxidation-Resistant  Carbon- 
Carbon  Composites"  in  this  Section. 


Carbon-carbon  composites  can  be  attacked 
by  strongly  oxidizing  acids,  but  are  inert  to 
most  other  acids  and  to  all  alkalies,  salts,  and 
organic  solvents 
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INTRODUCTION 

The  alumina-silica  system,  including  the  end  members  of  the  pure  oxides,  is  probably  the 
most  important  binary  oxide  system  both  in  technology  and  science.  Alumina,  silica,  and 
aluminosilicate  compounds  are  widely  used  high-temperature  materials,  are  important  in 
mineralogy  and  geology,  are  basic  material  in  glasses,  and  have  many  specialty  applica¬ 
tions.  In  this  review  the  processing,  properties,  and  uses  of  the  end-member  compounds, 
silicon  dioxide  (SiOz)  and  aluminum  oxide  (Al:0,).  are  discussed  First.  Then  the  com¬ 
pound  mullite  (3AI:Oj  2SiO:).  which  is  the  only  stable  unhvdrated  compound  in  the 
alumina-silica  system,  is  considered. 

The  phase  diagram  of  the  alumina-silica  binary  system  is  of  great  importance,  but.  until 
recently,  conflicting  diagrams  have  been  put  forward  by  different  investigators  i l — H. 
especially  in  the  mullite  region.  The  work  of  Klug  15.  6|  has  resolved  these  difficulties,  and 
a  definitive  phase  diagram  can  now  be  constructed  from  his  and  earlier  work.  Methods  tor 
studying  the  phase  diagram  in  the  mullite  region  will  be  described:  microstructures,  sol-gel 
processing,  and  x-ray  diffraction  help  to  define  the  phase  diagram  and  also  provide  insight 
into  the  structural  and  microstructural  characteristics  of  the  system  and  their  relation  to 
properties.  Finally,  hydrates  in  this  system  will  be  briefly  discussed:  they  are  important  as 
minerals  and  raw  materials  for  some  of  the  unhydrated  solids. 
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ALUMINA 

Crystalline  alumina  is  a  highly  valuable  solid  material  because  of  its  high  melting  point 
(2054°C).  high  hardness,  high  strength,  and  chemical  stability  |7.  8).  Some  properties  of 
alumina  are  given  in  Table  I.  As  a  single  crystal  (sapphire),  alumina  is  pnzed  as  a 
gemstone  (sapphire  or  ruby,  depending  upon  the  impurities  present)  and  for  special 
applications  such  as  watch  bearings.  Polycrystalline  alumina  is  much  less  expensive  to 
make  and  is  widely  used  as  a  high-temperature  matenal  and  in  diverse  applications  A 
translucent  polycrystalline  tube  of  alumina  (Lucalox)  is  the  arc  tube  for  the  yellow  sodium 
vapor  lamps  that  are  replacing  blue  mercury  lamps  in  many  outdoor  applications.  These 
and  other  uses  are  summarized  in  Table  2. 

The  stable  crystalline  phase  of  alumina  is  o-Al:0,  with  a  hexagonal  structure.  The 
larger  oxygen  ions  are  close-packed  in  a  hexagonal  array,  and  the  much  smaller  aluminum 
ions  occupy  two-thirds  of  the  octahedral  (six-coordinated  to  oxygen)  interstitial  sites  in  the 
oxygen  lattice.  A  number  of  metastable  crystalline  phases  (cubic  "y  aluminas")  are 
formed  when  alumina  is  made  by  crystallization  from  aqueous  solution  or  from  hydrated 
aluminas,  such  as  boehmite  ( AI;0,  H:0).  These  phases  form  as  the  boehmite  or  amor- 


Table  1  Selected  Properties  of  Alumina.  Silicas,  and  Mullite 


a-AI;0, 

a-Quartz 

Vitreous 

silica 

Mullite 

Density,  g'cm' 

3.96 

2  65 

2.20 

3  13 

Melting  temperature.  °C 

2054 

1734 

1890 

Elastic  modulus  |GPa) 

520 

icristobaliie) 

72 

73 

250 

Coefficient  of  thermal  expansion 

8.5 

12 

0.5 

5.5 

(’S-IOOO-C).  lO'V’C 
Indentation  hardness.  GPa 

20 

8 

8 

12 

Table  2 


Compound 


Uses 


Alumina  (Al-O,) 

Single -crystal  (sapphire) 
Polycrysiallme 


Silica  (SiO:) 
Single-crystal  quartz 
Vitreous 


Mullite  (3AI.O,  2SiO:> 


Gems,  watch  bearings,  laser  hosts,  high-temperature  windows 
Refractories,  high-iemperature  materials,  lamp  lubes,  grinding 
pebbles,  bearings,  guides,  nozzles,  valves,  radomes.  cutting 
tools,  polishing  compounds,  prostheses.  armor  plating,  elec¬ 
tronic  substrates,  spark  plugs,  laboratory  ware 

Oscillators,  filters,  frequency  controls,  optical  windows 
Crucibles,  high-temperature  components,  lamp  envelopes,  optical 
fibers,  electrical  transducers  and  insulators,  lenses,  pnsms.  tele¬ 
scope  mirrors 

Refractories,  crucibles,  high  temperature  components,  infrared 
windows 
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phous  precipitated  phases  are  dehydrated  by  heating  to  about  I000°C.  At  temperatures 
above  1000°C  these  metastable  phases  convert  to  a-AI:0?.  The  microstructure  and  elec¬ 
tron  diffraction  in  one  step  in  this  conversion  are  shown  in  Figure  l . 

Alumina  is  made  by  the  usual  processing  methods  for  crystalline  ceramics  [10].  A  fine 
powder  (approximately  0.2  to  5  ixm  in  particle  diameter)  is  pressed  into  the  desired  shape, 
usually  including  a  "binder''  of  organic  material,  such  as  polyvinyl  alcohol:  then  the 
pressed  ware  is  dried  and  then  fired  at  a  high  temperature  ( 1500-I800°C).  Often  slow 
heating  or  a  hold  at  intermediate  temperature  ("calcining")  is  provided  to  remove  binder 
and  traces  of  water  and  any  other  volatiles. 

Some  properties  of  the  alumina  depend  strongly  upon  impurities  in  the  starting  powder. 
Many  commercial  aluminas  contain  impunties.  such  as  oxides  of  silicon,  calcium,  magne¬ 
sium.  sodium,  and  potassium:  these  oxides  melt  at  lower  temperatures  than  alumina  and 
form  liquid  at  sintering  temperatures  These  liquids  speed  sintering  to  a  dense  material,  but 
they  degrade  high-temperature  strength  and  creep  resistance.  Creep  is  slow  high-tempera- 
ture  deformation  of  a  solid.  The  most  common  impurity  is  silica,  and  together  with  the 


Figure  1  Transmission  electron  micrograph  of  a  pellet  of  precipitated  alumina  sintered  2  h  at 
I200°C  nop)  Lower  left,  selected  area  electron  diffraction  pattern  of  0  3  pm  cubic  >-AI.O,  grain. 
Lower  right,  deformed  diffraction  pattern  ot  polycrysialline  matrix.  (From  Ref  9  ) 
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other  oxides  silica  forms  a  glass  upon  cooling  This  glass  segregates  to  gram  boundaries 
and  can  flow  at  high  temperatures,  leading  to  increased  creep.  Thus  the  impurity  content  of 
commercial  alumina  is  a  rough  indicator  of  its  high-temperature  resistance  to  deformation: 
alumina  brick.  96%  alumina,  and  99%  alumina  are  typical  commercial  designations  of 
increasing  high-temperature  stability. 

The  white,  opaque  appearance  of  most  sintered  ceramics  results  from  light  scattering 
from  pores  and  second  phases  in  them:  most  oxides  show  no  intrinsic  optical  absorption  in 
visible  light.  If  the  polycrystalline  oxide  is  single-phase,  reducing  porosity  can  lead  to  a 
translucent  solid:  low  porosity  in  alumina  provides  an  optically  acceptable  arc  tube  in  the 
sodium  vapor  Lucalox  lamp. 


SILICA 

Silicon  dioxide  ( SiO; )  has  a  variety  of  structural  forms,  as  listed  m  Table  3.  The  naturally 
occurring  form  of  most  silica  is  crystalline  a-quartz.  which  has  a  complex  hexagonal 
structure.  The  high-temperature  crystalline  form  of  pure  Si02  is  cubic  p-cristobalite.  A 
small  amount  of  impunty  oxide,  especially  alkali  oxide,  stabilizes  a  third  crystalline  form, 
tridymite.  Each  of  these  crystalline  forms  has  high-  and  low-temperature  modifications  0 
and  a;  the  structural  differences  between  these  modifications  are  small.  Most  of  the 
information  in  Table  3  is  taken  from  Sosman  (1 11;  in  spite  of  its  age  this  book  is  still  a 
valuable  source  of  information  about  silica.  At  pressures  above  atmospheric  two  addi¬ 
tional.  denser  crystalline  phases  form-  Amorphous  or  vitreous  silica  is  easily  formed  by 
cooling  molten  silica,  because  its  high  viscosity  inhibits  crystallization. 

The  building  block  of  silica  structures  is  the  silicon-oxygen  tetrahedron.  Each  silicon 
atom  is  surrounded  by  four  oxygen  atoms;  each  oxygen  atom  is  bonded  by  two  silicons. 
This  tetrahedral  configuration  is  remarkably  stable  and  forms  the  elemental  unit  of  structure 
in  all  silicates.  In  the  pure  silicas  of  Table  3.  these  tetrahedra  are  bonded  in  a  three- 
dimensional  network,  which  has  great  chemical  and  mechanical  durability.  When  the 


Table  3  Structural  Forms  of  Silica  and  Some  of  Their  Properties 


Coefficient 


Form 

Transigpi 
temp.  OC) 

Melting 
temp.  (*C) 

Density 

(g/cm-’i 

of  thermal 
expans  ion/°C 

a -Quartz 

573 

2.65 

12 

3-Quanz 

867 

1430 

2.60 

a-Tridymite 

163 

2.28 

21 

p-Tridymite 

1470 

1670 

2.30 

a-Cristobalite 

273 

2.31 

10 

0-CristobaJite 

1734 

2.21 

Vitreous  silica 

2.20 

0.5 

Transition 
pressure 
ai  25°C.  kbar 


Coesite 

Slishovite 


30-40 

100 
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crystalline  silica  melts,  the  three-dimensional  network  is  retained,  so  that  the  molten  silica 
has  a  structure  close  to  the  crystalline.  The  result  is  a  low  heat  of  fusion  and  low-energy 
differences  between  different  structures,  leading  to  the  many  structures  listed  in  Table  3. 

Single-crystal  quartz  for  the  applications  listed  in  Table  3  is  cut  from  natural  crystals  or 
made  synthetically.  Large,  very  pure  natural  quartz  crystals  are  mined  in  Brazil.  Synthetic 
quartz  crystals  are  grown  from  alkaline  aqueous  solution  at  high  temperature  (250-450°C) 
and  pressures  (300  to  1000  atm  or  3  ( 10)7  to  10*  Pa). 

Vitreous  silica  crucibles  for  melting  semiconductors  are  made  by  arc  melting  very  pure 
quartz  sand.  Ingots  of  vitreous  silica  are  made  by  melting  crushed  natural  quartz  crystals  or 
sand  in  crucibles  of  graphite,  tungsten,  or  molybdenum  in  an  inert  or  slightly  reducing 
atmosphere.  The  melting  temperature  is  1800-2000°C  to  exceed  the  melting  point  of 
cnstobalite  ( 1734°C).  The  ingot  is  then  cut  up  into  desired  shapes  or  drawn  to  other  shapes, 
such  as  tubing  or  rods. 

Very  pure  vitreous  silica  is  made  from  vapor-phase  oxidation  or  hydrolysis  of  silicon 
tetrachloride  (SiClJ.  In  one  method  the  SiCl«  is  mixed  with  oxygen  and  natural  gas.  fed 
through  a  burner,  and  deposited  on  a  substrate  of  preheated  sand  or  on  a  rotating  air-cooled 
mandrel  of  aluminum.  A  plasma  torch  can  also  be  used. 

Fibers  of  silica  are  pulled  from  a  preformed  silica  rod  or  other  convenient  shape. 

The  softening  temperature  ( viscosity  of  I06  Pa-s)  of  vitreous  silica  is  about  1500°C.  so  it 
must  be  heated  to  near  this  temperature  to  be  worked.  The  glass  transition  temperature 
(viscosity  of  I012  Pa-s)  is  about  1200°C  for  pure  silica,  but  is  reduced  sharply  by  im¬ 
purities.  especially  water.  Above  about  1350°C  silica  begins  to  vaporize  by  the  reaction  to 
silicon  monoxide: 

SiO;  =  SiO+JO:  (1) 

The  SiO  exists  only  in  the  vapor:  it  forms  a  mixture  of  SiCK  and  silicon  on  a  solid  surface. 

Pure  vitreous  silica  has  a  wide  range  of  optical  transparency  from  about  0. 1 8  to  4  |xm.  Its 
low  coefficient  of  thermal  expansion  provides  high  resistance  to  thermal  shock.  The 
electrical  conductivity  and  dielectric  loss  are  extremely  low  The  elastic  modulus  of 
vitreous  silica  is  unusual  in  that  it  increases  with  temperature  increase  and  at  very  high 
strains. 

Further  information  on  vitreous  silica  is  in  Refs.  11-14. 

MULLITE 

The  only  stable  unhydrated  compound  in  the  alumtna-silica  system  is  mullite 
(3AI:0,-2SiO: ).  Mullite  has  been  widely  used  in  refractory  bnck  and  other  high-tempera- 
ture  applications.  It  is  often  made  by  heating  natural  clays  such  as  kaolimte.  which  is  a 
hydrated  aluminosilicate: 

kaolimte  mullite 

3AL0,-2Si0:-2H;0  -  3ALO,-2Si02  +  4SiO:  +  6H:0  (2) 

As  mined,  the  kaolin  includes  impurities,  especially  oxides  of  alkali  and  alkaline  earths  and 
iron.  Thus  mullite  made  in  this  way  is  impure:  because  of  the  excess  silica,  a  glassy  silicate 
phase  usually  forms.  This  glassy  phase  (lows  at  temperatures  above  about  I200°C.  limiting 
the  usefulness  of  mullite  made  from  the  usual  raw  materials. 

Mullite  cannot  be  easily  sintered  to  high  density  from  mixed  powders  of  silica  and 
alumina:  usually  high  porosity  and  a  glassy  silicate  phase  result.  A  dense,  pure  mullite  can 
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be  made  by  sol-eel  methods,  for  example,  from  mixtures  of  colloidal,  hydrated  alumina, 
and  tetraethyl  silicate  (see  below)  or  aluminum  and  silicon  alkoxides.  This  mullite  has 
superior  high-temperature  properties:  it  shows  much  better  creep  resistance  than  does 
polycrystalline  alumina  at  temperatures  from  1400  to  I650°C  j  15.  I6|.  Other  methods  of 
making  superior  mullite-based  ceramics  show  promise  (17.  |g).  In  all  these  methods 
knowledge  of  the  correct  alumina-silica  phase  diagram,  described  in  the  next  section,  is 
invaluable  in  making  dense,  single-phase  materials. 

Mullite  has  a  complex  orthorhombic  crystal  structure  containing  chains  of  aluminum 
ions  six-  and  four-coordinated  to  oxygen,  and  tetrahedra  of  silica  (19).  Both  silicon  and 
aluminum  ions  can  move  into  normally  unoccupied  tetrahedral  sites,  which  is  one  reason 
for  the  solid-solution  and  nonstoichiometnc  phase  boundaries  (see  below)  The  unit  cell 
can  be  represented  by  the  formula  AI,4.I,ISi,;_1,1Ol  in  which  r  is  the  number  of 
oxygen  vacancies  per  unit  cell  1 19]  Values  of  .r  from  0.25  to  0.4  give  mullite-alumina  solid 
solutions  from  Al;0,  to  SiO:  ratios  from  3 . 2  to  2 :  1 .  Mullite  is  chemically  durable  in  acid 
metal  slags  and  most  gases  at  high  temperatures.  It  has  a  low  thermal  expansion  coefficient, 
giving  it  good  thermal  shock  resistance.  The  value  of  mullite  as  a  quality  high-temperature 
material  appears  to  have  been  underestimated  in  the  past:  it  has  excellent  intrinsic  proper¬ 
ties.  and  the  above  and  new  methods  of  synthesis  should  make  mullite  to  be  one  of  the  most 
important  "advanced"  high-temperature  oxides. 

PHASE  DIAGRAM 

An  alumina-silica  phase  diagram  constructed  from  recent  work  ts  given  in  Figure  2.  The 
diagram  from  0  to  70  wt<£  AUO,  is  from  Aramaki  and  Roy  |2)  except  for  the  eutectic 
temperature  of  1 587°C  from  Aksay  and  Pask  (4] .  The  mullite-alumina  tiquidus  line  is  from 
Horibe  and  Kuwabara  (31.  and  the  mullite  solubility  lines  and  melting  temperature  are  from 
Klug  (5.  6).  There  is  a  eutectic  at  about  7.6  wt%  A1:0,.  and  mullite  just  melts  incongru- 


UOIE  % 


Figure  2  Alumina-silica  phase  diagram  <  From  Refs.  5  and  6  » 
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ently  at  1890°C  and  77.  15^  AI;Ot.  The  peculiar  mullite  region  is  shown  in  detail  in  Figure 
3.  At  high  temperatures  (above  1600°C)  the  stoichiometric  composition  3Al:0,-2SiO;  is 
unstable  and  decomposes  into  a  solid  solution  mullite  with  dissolved  alumina  and  liquid. 
There  is  a  solid  solution  region  about  2  wt %  wide,  ending  in  a  pentectic  reaction,  with  an 
unusual  sloping  of  the  mullite-liquid  and  muliite-alumina  phase  boundaries.  The  diagram 
contrasts  with  those  of  metallic  alloys,  which  usually  have  solid  solutions  of  the  constituent 
elements,  but  little  or  no  solid  solutions  of  intermetallic  compounds. 

The  sloping  of  the  phase  boundaries  and  the  slow  reaction  to  equilibrium  in  the  mullite 
region,  giving  rise  to  easily  formed  metastable  phase  regions  (4).  have  caused  great 
difficulties  and  controversies  in  determining  the  mullite  region  of  the  diagram  [5],  The 
solution  was  to  approach  equilibrium  in  different  ways  and  to  use  microstructure  studies, 
chemical  microanalysis,  and  x-ray  diffraction,  and  to  make  samples  from  sol-gel  tech¬ 
niques  [5.6],  This  work  of  Klug  will  be  described  in  some  detail  because  of  the  insights  it 
gives  into  the  characteristics  of  the  alumina-silica  system. 
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Figure  3  The  mullite  region  of  the  alumina-silica  phase  diagram  _  calculated  from  the  lever  rule. 
♦  single  phase  mullite.  _  mullite  plus  glass.  :  melting  of  mullite. 
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EXPERIMENTS  OF  KLUG  {5,  6) 

Homogeneous  powders  were  made  from  a  colloidal  suspension  of  AU0,  H;0  and  tetra¬ 
ethyl  orthosilicate.  These  matenals  were  made  into  a  gel.  broken  up.  and  then  heated  to 
800°C  and  held  12  h  to  remove  hydrocarbons  and  water  The  resulting  powder  was  pressed 
into  pellets  and  heated  to  1325°C  in  air  to  convert  it  to  mullite  and  to  remove  residual 
carbon.  Then  the  samples  were  fired  at  higher  temperatures  to  determine  the  equilibrium 
phase  boundaries.  To  reduce  silica  loss,  samples  were  wrapped  in  rhodium  foil  and  fired  in 
oxygen,  leading  to  negligible  weight  loss  Sample  compositions  were  checked  with  micro- 
probe  analysis. 

The  volume  fraction  of  phases  were  determined  w  ith  image  analysis  of  sample  micro¬ 
graphs.  one  of  which  is  in  Figure  4.  There  was  no  glassy  phase  in  any  of  the  samples 
containing  between  76.5  and  78  w Al:0,  and  heated  at  temperatures  below  1890°. 
consistent  with  the  phase  diagram  in  Figure  3  There  was  very  little  porosity  in  any  of  the 
samples.  The  amount  of  alumina  and  mullite  (by  difference)  in  these  samples  were  used 
with  the  lever  rule  to  determine  the  points  in  Figure  3.  Single-phase  (mullite  only)  samples 
had  compositions  inside  the  solid  solution  region.  These  single-phase  samples  were 
translucent  because  of  low  pore,  second  phase,  and  glassy  volumes,  reducing  light  scatter¬ 
ing  to  a  minimum. 
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Figure  4  Optical  micrograph.  Nomarski  contrast  76  5  wt1*  AUO,  after  sintering  at  I680°C  for 
144  h.  Etched  5  min.  in  boiling,  concentrated  NaOH  500* 
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Half  of  each  sample  was  crushed  to  100-mesh  powder  for  x-ray  diffraction  analysis. 
Lattice  parameters  of  mullite  were  calculated  from  peak  positions,  and  the  amount  of 
second-phase  alumina  was  determined  from  the  ratio  of  an  alumina  peak  to  the  average  of 
four  mullite  peaks.  The  amount  of  alumina  agreed  well  with  that  calculated  from  the 
micrographs. 

The  melting  point  of  mullite  was  determined  in  a  special  set  of  experiments.  Samples 
were  observed  in  the  optical  pyrometer  as  they  were  heated  from  1880°C  until  they  melted. 
Thirty-four  samples  of  different  overall  compositions  melted  at  1890°C.  The  pyrometer 
temperature  was  checked  with  a  thermocouple  of  tungsten  S%  rhenium  against  tungsten 
26%  rhenium.  Micrographs  showed  glassy  phase  as  evidence  of  melting  for  samples  heated 
above  1890°C.  as  shown  in  Figure  5. 


Figure  5  Bright  field  opncal  micrograph  of  mullite  (77%  AI.O,)  melted  u  1895*C.  The  light 
panicles  are  AI.O, .  and  the  dark  eras  areas  are  glass,  high  in  silica;  the  maim  is  mullite.  formed  on 
cooling.  750* 
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Single-phase  mullite  samples  containing  76 .5  wt%  alumina  were  heated  for  long  times 
at  temperatures  below  the  solid  solution  region:  second-phase  alumina  precipitated  in  these 
samples  onto  the  mullite  grain  boundaries,  as  shown  in  Figure  6.  Then  the  sample  was 
heated  at  1880°C.  and  almost  all  of  the  precipitated  alumina  dissolved.  Thus  the  precipita¬ 
tion  and  resolution  of  alumina  was  reversible,  showing  that  equilibrium  can  be  approached 
from  both  composition  directions.  There  was  negligible  silica  loss  in  these  samples  from 
microprobe  analysis. 

These  results  of  Klug  were  used  to  construct  the  mullite  region  of  the  alumina-silica 
phase  diagram  in  Figure  3  and  were  incorporated  into  the  complete  diagram  in  Figure  2. 

HYDRATES  AND  MINERALS 

Alumina  forms  two  hydrates:  AU0,-3H:0  or  Al(OH)3  and  AU03  H:0  or  A1CMOH).  Each 
of  these  compounds  has  two  crystalline  forms,  a  and  y.  and  their  names  are  in  Table  4. 
Bauxite  is  the  mineral  raw  material  for  making  aluminum,  and  is  a  mixture  of  these 
hydrates  plus  impurities  such  as  clay  (aluminosilicates)  and  iron  oxides.  The  structures  of 
these  and  other  hydrates,  as  well  as  the  unhydrated  oxides,  are  described  in  Wells  [20], 
Three  mineral  aluminosilicates  occur  widely  in  nature  and  have  the  same  formula 


Figure  6  Optical  micrograph.  Nomarski  contrast  Single-phase  mullite.  76.3  wt%  A1}0,.  after 
heating  at  I730°C  for  48  h.  Arrow  shows  Al:0,  precipitate.  $00x. 
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Table  4  Hydrated  Alumina  and  Aluminosilicates 


Name 

Chemical  compound 

Diaspora 

a-AI;0,  H.O 

Boehmtte 

y-AI;0,H,0 

Bayenie 

a-AI-O,  3H,0 

Gibbsite.  Hydrargillite 

y-AI,0,-3H,0 

Kaolimte 

Al,o\  2SiO,  2H,0 

Halloysite 

Ai,0,  2Si0:-4H;0 

Pyrophyllite 

Al:0,  4SiO,  H,0 

AKO-SiO?:  these  are  sillimanite.  kyanite.  and  andalusite.  each  with  a  somewhat  different 
structure.  In  these  compounds  one-half  of  the  aluminum  ions  are  six-coordinated,  and  the 
other  half  are  four-,  five-,  or  six-coordinated  in  sillimanite.  andalusite.  and  kyanite. 
respectively.  In  kyanite.  the  densest,  the  oxygen  atoms  are  in  a  close-packed  cubic  lattice. 
When  these  compounds  are  heated,  they  break  down  to  the  stable  phase  mullite  plus  silica. 

Clays  are  hydrated  aluminosilicates  that  occur  naturally  as  many  different  compounds, 
with  impurities  and  substitutions  of  ions  common.  Some  clays  that  in  the  pure  form  contain 
only  hydrated  oxides  of  silicon  and  aluminum  are  listed  in  Table  4. 

CONCLUDING  REMARKS 

The  accurate  determination  of  the  mullite  region  of  the  alumina-silica  system,  shown  in 
Figures  2  and  3.  should  lead  to  new  applications  of  mullite  ceramics  because  of  their 
excellent  mechanical  and  chemical  properties.  The  traditional  alumina  and  silica  applica¬ 
tions  are  being  continuously  expanded  because  of  their  superior  high-temperature  and 
optical  properties.  The  alumina-silica  system  is  of  great  importance  and  utility. 
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Grain  Growth  in  Mullite  and  a 
Mullite/Corundum  Composite 

A.  R  HYNES,  T.  W.  FOLMSBEE,  JR,  AND  R.  H.  DOREMUS 


ABSTRACT 

The  grain  growth  and  microstructural  changes  in  mullite  and 
a  iDullite/a-Al203  composite  were  studied  after  heat  treatments  at 
1423K,  1840K  and  2048K,  and  compared  with  those  noted  after 
compressive  creep  tests.  Grain  growth  of  mullite  it  the  matrix 
and  composite  was  similar,  and  grain  growth  during  creep  tests 
was  not  significant.  Grain  growth  coefficients  ranged  from 
4 . 6E-2  to  3.0  nmz/h,  and  a  grain  growth  activation  energy  of  185 
kJ/mol  was  calculated  for  the  combined  data  of  the  matrix  and 
composite.  A  calculation  of  grain  boundary  diffusion  coeffi¬ 
cient  from  the  grain  growth  data  indicates  that  a  boundary 
diffusion  mechanism  is  possible. 

INTRODUCTION 

Recent  work  on  mullite  plus  corundum  composites  indicates 
that  the  incorporation  of  acicular  corundum  may  inhibit  creep 
relative  to  the  monolithic  material  [1.].  Since  creep  rate 
depends  strongly  on  grain  size  and  other  microstructural  fea¬ 
tures  which  may  change  with  time  at  high  temperature,  it  is 
useful  to  evaluate  the  evolution  of  the  microstructure  in  order 
to  predict  and  understand  the  high  temperature  mechanical 
properties  such  as  creep. 

Among  the  changes  that  occ^r  at  high  temperatures,  grain 
growth  is  among  the  most  significant.  Grain  growth  may  be 
defined  [2]  as  "the  process  by  which  the  average  grain  size  of 
strain  free  or  nearly  strain  free  material  increases  continuous¬ 
ly  during  heat  treatment".  By  this  definition  normal  grain 
growth  is  distinguished  from  primary  reerystalliaatiom,  in  which 
strain-free  grains  grow  from  a  plastically  deformed  matrix,  and 
from  discontinuous  grain  growth,  in  which  a  few  large  grains 
grow  in  a  fine-grained,  strain-free  matrix. 

The  driving  force  for  grain  growth  is  the  reduction  in  sur- 
face  energy  that  occurs  as  the  total  grain  boundary  area  de¬ 
creases.  The  driving  force  for  grain  growth  and  therefore  the 
growth  rate  are  often  considered  to  be  inversely  proportional  to 
grain  size,  d,  resulting  in  the  following  grain  growth  equation: 
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*ig.  !•  SEM  micrographs  of  mullite  matrix:  (a)  after  1  h  at 
1423K.  Bar  is  4  mb.  (b)  after  31.6  at  2048K.  Bar  is  20  urn. 


(1) 


d2  -  d20  -  kt 

where  d  is  the  grain  diameter  at  time  t,  d0  is  the  initial  grain 
diameter  when  time  t  is  zero,  and  k  is  a  growth  coefficient. 
Plots  of  grain  growth  data  as  log  of  the  grain  diameter  vs  log 
time  often  give  a  straight  line  with  slope  between  0.1  and  0.6, 
and  usually  <0.5.  The  slope  may  be  <0.5  because  d  and  d0  are  not 
sufficiently  different;  alternately  equation  (1)  may  not  be 
valid. 

Grain  boundary  velocity  (vb)  is  the  product  of  the  grain 
boundary  mobility  (M)  and  the  driving  force  (DF),and  from  a  and 
from  a  simple  derivation  [3]  considering  two  adjacent  grains  of 
diameter  d1  and  d2: 

vb  =  -4(7)^  (l/d,  -  l/d2)  (2) 

where  y  is  the  grain  boundary  surface  energy,  VB  is  the  molar 
volume,  and  mobility  is  given  by: 

M  -  Db/5RT  (3) 

where  Db  is  the  grain  boundary  diffusion  coefficient,  S  is  the 
boundary  width,  R  is  the  gas  constant  and  T  is  the  temperature. 
The  grain  boundary  mobility  is  affected  by  space-charge  atmos¬ 
pheres  of  lattice  defects  and  solute  segregation,  precipitates 
and  pores  [2,3]. 

Grain  growth  occurs  during  high  temperature  creep  testing, 
and  creep  rate  depends  on  the  microstructure  and  grain  size. 
Many  creep  models  predict  strain  rate  dependencies  on  some 
integral  power  of  grain  size  such  as  -l,  -2  or  -3  [4].  At 
temperatures  where  grain  growth  is  significant,  grain  growth  can 
reduce  the  creep  rate,  and  this  rate  will  not  reach  a  steady 
state  unless  the  rate  of  grain  growth  is  negligible.  In  addi¬ 
tion,  calculations  of  the  stress  exponent  [5]  and  creep  activa¬ 
tion  energy  will  be  in  error. 

EXPERIMENTAL  PROCEDURE 

The  powders  used  for  the  matrix  and  composite  samples  were 
prepared  by  a  sol-gel  process  that  has  been  described  elsewhere 
[1].  The  powder  compositions  were  73  w/o  A1203  for  the  matrix 
sample  and  77  w/o  A1203  for  the  mullite/ corundum  composite.  The 
73  w/o  composition  was  single-phase  mullite  and  the  77  w/o  A1203 
composition  contained  10  w/o  (8  v/o)  o-A12o3.  The  powders  were 
cold-isostatically-pressed  at  »345  MPa,  or  uniaxially  die 
pressed  at  «240  MPa,  and  then  sintered  in  air  according  to  the 
following  schedule: 


298K  -  1598K 

§100K/h 

1598K 

hold  12  h 

1598K  -  1873K 

ei00K/h 

1873K 

hold  2  h 

1873K  -  298K 

furnace  cool  (»5  h) 

Fig.  2.  SEM  micrographs  of  mullite/corrundum  composite: 
(a)  after  1  h  at  1423K.  Bar  is  4  nm.  (b)  after  79.4  h  at 
1840K.  Bar  is  4  nm. 
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Samples  were  heat  treated  in  air  for  l-100h  at  1423K,  1840K 
and  2048K  and  were  examined  with  SEM  following  polishing  through 
1  um  diamond  and  thermal  etching  at  1773K  for  2  h.  The  samples 
were  sputter-coated  with  Au  before  SEM  examination  to  avoid 
charging.  The  mean  grain  size  of  the  crept  and  uncrept  samples 
was  measured  by  the  linear  intercept  method  with  a  digitizing 
pad,  and  is  reported  as  the  inverse  of  the  specific  surface 
area.  Histograms  of  the  grain  size  distributions  were  plotted. 
Micrographs  were  taken  at  0°  tilt.  A  line  spacing  was  chosen 
that  did  not  overlap  a  grain  twice,  and  a  minimum  of  100  points 
were  taken  per  sample. 

The  grain  size  data  was  fit  to  equation  (1)  and  the  growth 
coefficient,  k,  was  calculated. 

The  density  of  the  crept  and  uncrept  samples  was  determined 
by  the  Archimedes  method  with  distilled  water. 

Dead-load  uniaxial  compression  creep  tests  were  performed  at 
temperatures  of  1323-1723K  and  stresses  of  10-100  MPa  in  air 
with  equipment  and  methods  that  have  been  described  previously 
[1].  The  change  in  mean  grain  size  and  density  for  the  crept 
mullite  and  mullite/corundum  composites  were  calculated.  During 
a  few  creep  runs,  small  pieces  cut  from  the  same  sintered  body 
as  the  creep  sample  were  placed  in  the  furnace  on  the  platen 
next  to  the  creep  sample.  Thus  these  small  pieces  of  mullite 
experienced  the  same  temperature  history  as  the  creep  sample, 
but  without  the  load.  The  grain  sizes  and  densities  of  these 
samples  were  measured  after  the  creep  run  and  compared  with 
those  of  the  crept  samples. 

RE8ULT8 

The  mullite  grains  in  all  the  samples  were  polygonal,  ap¬ 
proximately  equiaxed  and  had  slightly  curved  or  straight  grain 
boundaries,  as  shown  in  Figure  1.  Grain  boundary  curvature 
increased  with  grain  size.  The  aspect  ratio  of  the  corundum 
grains  decreased  slightly  at  the  three  temperatures  tested  with 
increasing  time.  A  typical  decrease  was  from  "9  after  1  h  hold 
to  "4  after  80  h  1423K.  Changes  in  porosity  were  not  observed 
in  SEM,  and  density  was  essentially  unchanged  at  2.99  g/cc  for 
the  matrix  and  3.04  g/cc  for  the  composite.  Small  pores  were 
occasionally  observed  in  the  centers  of  mullite  grains  in  both 
the  matrix  (single-phase  mullite)  and  the  composite  at  all  of 
the  temperatures  and  times  tested,  except  at  2048K.  The  most 
pronounced  change  in  the  microstructure  with  heat  treatment  time 
was  the  grain  growth  of  the  mullite  in  both  the  matrix  and 
composite  samples. 

The  grain  sizes  and  densities  did  not  increase 
significantly  during  creep  tests.  The  average  increase  in  grain 
size  was  0.15jjm  and  the  average  increase  in  density  was  '1%  TD 
for  both  the  single  phase  mullite  and  the  composite. 

The  initial  mean  mullite  grain  size  in  both  the  single-phase 
mullite  and  the  composite  was  0. 3-1.0  nm  and  a  typical  standard 
deviation  was  0.5  nm.  Grain  size  distributions  in  mullite  have 
been  reported  to  be  log-normal  [6],  but  many  of  the  distribu¬ 
tions  measured  here  had  a  tail  at  the  smallest  grain  sizes. 

The  grain  growth  of  the  matrix  was  similar  to  that  of  the 


TIME  (h) 


Jig.  3.  (a)  Grain  growth  exponent,  k,  as  a  function  of 

temperature,  (b)  Grain  growth  in  mullite  matrix  and  mullite/ 
corrundum  composite  as  a  function  of  time  at  1423K. 
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composite,  except  at  2048K.  The  grain  growth  as  a  function  of 
time  is  shown  in  Figures  3  and  4.  The  apparent  grain  growth 
activation  energy  for  the  single-phase  mullite  and  composite 
data,  combined  as  shown  in  Figure  3(a)  is  185  kJ/mol.  At  2048K 
the  composite  growth  rate  was  significantly  faster  than  that  of 
the  single-phase  mullite  (3.0  versus  0.6  nm2/h) .  The  grain 
growth  constants  (k  in  equation  [1])  for  the  matrix  were: 
4.6E-3,  2.4E-2  and  6.2E-1  Mm2/h  at  1423K,  1840K  and  2048K 
respectively.  For  the  composite  the  constants  were:  9.1E-3, 
1.9E-2  and  3.0  Mm2/h  at  1423K,  1840K  and  2048K  respectively,  if 
the  observed  grain  growth  rates  were  constant  to  100  h,  after 
a  100  h  heat  treatment  the  mullite  grain  size  in  the  matrix 
would  have  increased  from  an  initial  0.5  Mm  to  1.2  Mm  at 
1423K,  to  2.0  Mm  at  1840K,  and  to  8.4  Mm  at  2048K.  In  the 
composite  after  100  h,  the  mullite  grain  size  would  have 
increased  to  1.5  Mm  at  1423K,  to  1.9  Mm  at  1840K  and  to  18  Mm 
at  2048K. 

The  velocity  vb  at  a  particular  grain  diameter  d  was  calcu¬ 
lated  from  k  with  the  relation  vb«k/2d  from  equation  (l).  Then 
the  mobility  was  calculated  from  equation  (2)  and  the  grain 
boundary  diffusion  coefficient  from  equation  (3),  from  the 
equation: 

Db  -  k6RT/8(Y)V(B  (4) 

The  parameters  in  these  calculations  were:  y*0.3  J/m2,  V  * 
2.84E-5  m3/mol,  T-2048K,  and  k*1.72E-16  m2/s.  The  resulting 
boundary  diffusion  coefficient  of  1.3E-18  m‘/s  can  be  compared 
with  the  interdiffusion  coefficient  of  1.6E-15  m2/s  in  mullite 
[7]  at  2026K. 

DX8CU88XOM 

The  grain  growth  rates  in  the  single-phase  mullite  and  the 
mullite/a-AljO,  composite  are  so  low  that  the  grain  size  only 
increases  by  a  factor  of  2  during  100  h  at  1423K  and  by  a  factor 
of  3  at  1840K.  Thus  an  initial  creep  rate  of  IE-7  s'1  would 
decrease  by  a  factor  of  *30  to  3.1E-9  s'1* over  lOOh  at  1840K  if 
creep  rate  has  a  1/d3  dependence  and  all  other  factors  remained 
the  same.  If  the  grain  size  exponent  is  -1,  the  creep  rate  only 
decreases  by  a  factor  of  3  to  2.9E-8  s'1.  The  grain  size  de¬ 
pendence  of  the  creep  of  mullite  has  not  been  clearly  estab¬ 
lished.  Measured  values  of  the  exponent  range  from  -1  to  -3 
[8,9],  so  over  a  lOOh  period  at  temperature  less  than  1840K 
( 1567C)  the  change  in  creep  rate  due  to  grain  growth  is  unlikely 
to  be  more  than  a  factor  of  30  lower  than  the  initial  creep 
rate. 

The  measured  grain  growth  rates  in  the  single-phase  mullite 
and  the  composite  are  similar  for  the  temperatures  and  times 
tested  with  the  exception  of  the  composite  data  at  2048K  which 
is  approximately  80%  faster  than  the  single-phase  mullite  at  the 
same  temperature.  The  similarity  of  grain  growth  constants 
indicates  that  the  rate-controlling  processes  in  the  two  materi¬ 
als  may  be  the  same  over  the  temperature  region  tested. 


Fig.  4.  Grain  growth  in  mullita  matrix  and  mullite/ 
corundum  composite  as  a  function  of  time:  (a)  1840K. 
(b)  2048K. 


The  grain  boundary  diffusion  coefficient  calculated  from 
the  grain  growth  data  is  3  orders  of  magnitude  lower  than  that 
of  the  lattice  diffusivity  measured  by  Aksay.  Thus  diffusion 
may  be  rate-controlling  process  for  grain  growth. 

The  grain  growth  activation  energy  of  185  kJ/mol  calculated 
from  the  grain  growth  runs  is  considerably  lower  than  the  698 
kJ/mol  measured  by  Aksay  [7]  for  the  activation  energy  of  inter¬ 
diffusion  in  mullite.  Although  creep  mechanisms  in  mullite  are 
still  a  matter  of  debate,  activation  energies  calculated  from 
creep  data  range  from  *375-1000  kJ/mol,  and  cluster  around  650- 
750  kJ/mol  [8,9],  the  vicinity  of  the  the  mullite  diffusion 
activation  energy.  The  activation  energy  for  grain  boundary 
diffusion  is  usually  lower  than  that  for  lattice  diffusion.  In 
Ag,  the  activation  energy  for  boundary  diffusion  is  about  half 
that  of  lattice  diffusion  [9].  If  the  interdiffusion  was  con¬ 
trolled  by  lattice  diffusion,  the  present  grain  growth  results 
are  consistent  with  grain  growth  controlled  by  grain  boundary 
diffusion. 
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ABSTRACT 


The  microstructural  development  of  mullite  produced  by  a  sol-gel  method  was 
observed  with  the  aid  of  a  scanning  electron  microscope.  Modelling  equations  of  log 
grain  size,  density,  and  hardness  were  derived  as  a  function  of  heat  treatment 
temperature  and  time,  and  mullite  composition.  The  grain  sizes  within  each  sample 
were  found  to  be  lognormally  distributed. 
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1.  INTRODUCTION 


Mullite  has  long  been  used  in  refractory  materials  in  multi-phase  form.  The 
more  recent  advent  of  single  phase  mullite  produced  by  sol-gel  methods  has  made  it 
more  attractive  for  use  in  high  temperature  structural  composites  and  other 
applications. 

The  microstructure  of  a  material  controls  the  properties  of  that  material.  If  the 
grain  structure  can  be  predicted  for  a  processing  schedule,  then  the  properties  of  the 
material  can  also  be  predicted  and  optimized.  In  this  study,  the  effects  of  composition 
and  heat  treatment  temperature  and  time  on  the  microstructure  of  mullite  were 
observed.  The  grain  size  distribution  was  found  to  be  lognormal  in  samples  processed 
under  various  conditions.  Data  from  various  samples  were  used  to  model  grain  size, 
density,  and  hardness  as  functions  of  the  processing  parameters. 
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2.  HISTORICAL  REVIEW 


2.1  Ceramic  Composites 

Ceramic  composites  have  recently  gained  much  attention  for  their  potential  use 
in  structural  components  at  high  temperatures  above  1500°C. 

A  composite  is  a  combination  of  two  or  more  components  existing  as  separate 
phases,  put  together  in  such  a  way  that  the  properties  of  the  components  complement 
each  other.  Generally  a  composite  consists  of  a  high  strength,  high  stiffness 
reinforcement  material  embedded  within  a  continuous  matrix  material.  The  matrix  acts 
as  a  binder,  protecting  the  reinforcement  material  and  transferring  loads  and  stresses. 

The  reinforcement  material  may  be  in  the  from  of  small  equiaxed  particles 
called  particulates,  flat  particles  called  flakes,  or  high  length  to  diameter  particles  called 
fibers.  These  fibers  may  be  continuous  or  chopped.  Two  other  classes  of  composites  are 
laminar  composites,  in  which  layers  of  single  components  are  bonded  together  along  a 
two  dimensional  area,  and  filled  composites,  in  which  the  matrix  has  many  channels  or 
cells  filled  with  the  second  component.  In  these  cases,  it  is  arbitrary  as  to  which 
component  is  called  the  matrix.  [1]  [2] 

Ceramics  are  inorganic  compounds  in  with  the  interatomic  bonds  are  ionic  or 
covalent.  Because  of  the  nature  of  these  bonds,  ceramics  tend  to  have  high  melting 
points,  and  are  very  hard,  but  brittle.  They  are  attractive  for  high  temperature  uses 
because  they  are  electrical  and  thermal  insulators,  and  are  generally  more  resistant  to 
high  temperature  and  chemical  attack  than  metals  and  polymers.  [1]  [3] 

The  brittleness  of  ceramics  limits  its  use  as  a  monolithic  solid.  Adding  whiskers 
improves  toughness  by  inhibiting  crack  growth  and  dissipating  energy  along  the 
fiber/matrix  interface.  The  high  aspect  ratio  of  the  whiskers  also  improves  high 
temperature  creep  resistance. 
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The  most  common  ceramics  are  oxides,  nitrides,  carbides,  and  borides.  Of  these, 
silicon  nitride  (SijNj,  silicon  carbide  (SiC),  stabilized  cubic  zirconia  (ZrOj),  hafnium 
oxide  (HfOj),  alumina  (Al,Oj),  mullite  (3Al,Os  *  2510!),  and  cordierite  (2MgO  *  2A1,0, 
*  5SiOi)  are  considered  good  choices  for  ceramic  matrix  materials.  [4] 

Oxide  ceramics  are  especially  resistant  to  environmental  attack  at  high 
temperatures.  They  resist  further  oxidation  and  also  reduction  to  suboxides  or  metals. 
Silicon  carbide  and  silicon  nitride  are  stable  at  high  temperatures  in  neutral  or  reducing 
atmospheres.  However,  in  oxidative  atmospheres  their  surfaces  oxidize  to  silica  (SiOi). 
This  oxide  layer  provides  some  protection  from  additional  oxidation  up  to  1700°C  when 
the  silica  starts  to  flow,  exposing  the  matrix  material  to  further  oxidation.  [1] 

2.2  Mullite 

Mullite  is  the  only  crystalline  phase  in  the  aluminosilicate  system  (Si0]-Al,0,) 
which  is  stable  at  both  room  temperature  and  high  temperatures  under  normal 
atmospheric  pressure.  It  has  a  nominal  composition  of  3A120,  *  2SiOj,  but  exists  over  a 
solid  solution  range  of  65  to  83.6  weight  percent  A1205.  [5]  Mullite  has  an  orthorhombic 
crystal  structure  with  a  structural  formula  of  A1JAL  .  Si  „  )0,„  ,  where  x  is  the 
number  of  oxygen  vacancies  per  unit  cell.  The  value  of  x  varies  from  .17  to  .59 
(according  to  Cameron).  [6]  The  Si02  •  A1202  binary  phase  diagram  is  shown  in  Figure 
1.  [7] 

Mullite  is  much  used  in  refractories,  advanced  ceramics  and  structural  ceramics 
because  of  its  many  good  properties.  It  has  low  thermal  expansion,  low  thermal  and 
electrical  conductivity,  good  thermal  shock  resistance,  and  good  chemical  and  thermal 
stability.  It  also  has  low  creep,  good  toughness  and  strength,  and  high  temperature 
mechanical  stability.  Finally,  high  purity  mullite  can  be  made  from  cheap  raw 


materials.  [5] 
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Figure  1 

SiCfe  -AJ2Q  Binary  Phase  Diagram 
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Until  recently,  mullite  has  been  produced  mainly  by  conventional  solid  state 
sintering  of  powders  and  clays  containing  alumina  (AljOj)  and  silica  (SiOj.  Because  of 
the  difficulties  in  creating  homogeneous  starting  mixtures,  the  formation  of  mullite  from 
silica  and  alumina  powders  requires  long  range  interdiffusion,  and  thus  requires  high 
temperatures  (1700-1800°C)  and  long  processing  times.  Mullite  synthesized  in  this 
fashion  often  contains  silica  glass  at  the  grain  boundaries  and  sometimes  also 
a-alumina  particles.  [8] 

Silica  at  the  grain  boundaries  lowers  the  corrosion  resistance  of  mullite  and 
degrades  its  high  temperature  strength  and  creep  resistance.  [9]  Because  of  this, 
emphasis  has  been  placed  on  homogeneous  mixing  of  AljOj  and  Si02,  and  high  purity, 
fine  grained  starting  powders.  [10] 

A  number  of  wet  chemical  methods  of  powder  preparation  are  currently  being 
studied  to  solve  this  problem.  Among  them  are  sol-gel  methods,  chemical 
co-precipitation,  hot-petroleum  drying,  and  polymer  decomposition.  These  methods  are 
generally  more  costly  than  conventional  methods,  but  the  impurities  are  more  easily 
controlled  and  a  much  more  homogeneous  powder  can  be  produced.  These  can  be 
processed  into  chemically  and  structurally  homogeneous  solids  with  improved  properties. 
[11] 

In  this  study,  a  sol-gel  process  is  used  to  achieve  homogeneous  mixing  on  the 
molecular  level.  This  intimate  mixing  of  A1  and  Si  ions  also  permits  firing  at  lower 
temperatures  and  shorter  times  than  by  conventional  methods.  [5] 

2.3  Microstructural  Studies 

The  study  of  microstructures  is  very  important  to  materials  science  and 
engineering.  The  mechanical,  chemical  and  electrical  properties  of  a  material  with  a 
given  overall  chemical  composition  may  vary  significantly  depending  upon  its 
microstructure.  Understanding  and  control  of  microstructure  is  important  to  acheiving 
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the  desired  properties. 

Microstructure  is  the  internal  arrangement  of  a  material  on  a  microscopic  scale, 
including  the  number  of  material  phases  present  (including  porosity),  the  relative 
amounts  of  these  phases,  the  distribution  of  phases,  and  the  geometric  characteristics  of 
these  phases,  such  as  size,  size  distribution,  shape  and  orientation.  [12] 

There  are  various  techniques  of  studying  microstructure.  Early  studies  employed 
optical  microscopes  to  look  at  surfaces  with  reflected  light  or  to  observe  thin  sections  of 
materials  with  transmitted  light.  However,  the  resolution  of  the  image  obtainable  with  a 
microscope  is  limited  by  the  wavelength  of  light  used.  Optical  microscopes  are  limited  to 
a  resolution  of  2000A  or  a  magnification  of  lOOOx. 

Higher  resolutions  and  magnifications  can  be  obtained  with  an  electron 
microscope  which  uses  high  energy  electrons  with  very  small  wavelengths  to  produce 
images.  Transmission  electron  microscopes  (TEM)  typically  have  resolutions  of  around 
5A  with  magnifications  up  to  100,000x,  but  require  samples  or  replicas  less  than  l«m 
in  thickness.  Scanning  electron  microscopes  (SEM)  provide  a  wide  range  of 
magnifications  from  20x  to  50,000x  with  resolutions  down  to  40A  .  Since  it  is  not 
necessary  to  have  a  smooth  surface  with  SEM,  surface  features  and  fracture  surfaces 
may  be  studied. 

In  SEM,  a  focussed  electron  beam  sweeps  or  "scans"  the  specimen  surface 
causing  the  emission  of  secondary  electrons  which  are  collected  and  amplified  to  produce 
an  image  on  the  screen  of  a  cathode  ray  tube.  Because  the  sample  is  bombarded  with 
electrons,  the  surface  of  an  electrically  insulating  specimen,  such  as  a  ceramic,  must  be 
coated  with  a  thin  layer  of  gold  or  carbon  to  prevent  electrostatic  charging. 
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2.4  Grain  Growth 

Grain  growth  is  the  process  by  which  the  average  grain  size  in  strain  free  or 
nearly  strain  free  material  increases  during  heat  treatment.  This  is  accomplished  by 
grain  boundary  movement. 

The  driving  force  for  grain  boundary  movement  is  the  reduction  of  grain 
boundary  area.  Grains  are  single  crystals.  Within  the  grain,  the  interatomic  spacing  is 
such  that  the  free  energy  is  at  a  minimum.  At  gram  boundaries,  the  interatomic 
spacings  vary  (both  greater  and  smaller)  from  that  within  the  crystallites,  thus  the  free 
energy  is  higher  there.  [13] 

To  reduce  the  total  free  energy  in  the  material,  grain  boundaries  tend  to  migrate 
from  larger  grains  to  smaller  ones,  lowering  the  total  grain  boundary  area.  Thus  the 
average  grain  size  increases  as  larger  grains  grow  at  the  expense  of  smaller  grains 
which  shrink  and  disappear.  [14] 

The  velocity  of  a  grain  boundary  can  be  expressed  as 

V  =  MF,  (2.1) 

where  M  is  the  boundary  mobility  and  F  is  the  driving  force. 

F  =  7SV  =  2  y/l,  (2.2) 

where  7  is  the  interfacial  energy  of  the  grain  boundary,  Sy  is  the  grain  boundary  area 
per  unit  volume,  and  L  is  the  mean  linear  intercept. 

If  it  is  assumed  that  the  grain  boundary  movement  has  an  activation  energy 
about  the  same  as  for  the  self  diffusion  of  the  material,  then  the  mobility  can  be 
expressed  as 


M  =  M%  e-®b/RT, 


(2.3) 
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where  R  is  the  universal  gas  constant  and  T  is  the  temperature  in  degrees  Kelvin. 

Assuming  the  rate  of  grain  boundary  disappearance  is  proportional  to  the  grain 
boundary  velocity,  the  mobility,  interface  energy  and  grain  size  distribution  is 
independent  of  average  grain  size  G,  (i.e.  G  <*■  L,)  and  grain  growth  continues 
indefinitely,  we  find  the  the  grain  boundary  velocity  is 


V 


d  G 

d  t 


AM  7 

» 

G 


where  A  is  a  geometric  constant  and  t  is  time.  Upon  integration,  this  becomes 


(2.4) 


or 


G1  -  G(J  =  AMyt 


(2.5) 


G 1  -  Ga>  =  AMt y  e‘*b/Rr  t. 


(2.6) 


In  experimental  work  it  is  common  to  assume  Ga  to  be  neglible,  and  to  plot  log <5 
vs  log  t.  [13]  Experimental  results  can  usually  be  represented  by  empirical  equations  of 
the  form 


G  =  K  e‘G/Rr  tn.  (2.7) 

Equation  (2.6)  predicts  n  =  J  while  experimentally  it  is  found  that  0.1  <  n  <  0.6.  [15] 
Dispersions  of  a  second  phase,  including  pores,  impede  grain  boundary 
movement.  For  a  grain  boundary  to  move  away  from  am  inclusion  or  pore,  new  grain 
boundary  area  equal  to  the  cross-sectional  area  of  the  inclusion  must  be  formed. 

When  the  restraining  force  is  balanced  against  the  driving  force,  growth  will 
stop.  The  limiting  grain  size  is  found  to  be 


where  d  is  the  average  inclusion  diameter  and  f  is  the  volume  fraction  of  inclusions.  [13] 


9 


During  grain  growth,  as  the  average  grain  size  G  approaches  the  driving 
force  for  grain  growth  goes  to  zero.  Burke  suggested  that  this  be  taken  into  account  by 
modifying  equation  (2.3)  to  read 

dC 

-tt—  =  AMy  (  1/C  •  1/Gj  ).  (2.9) 

It  was  found  that  this  equation  agreed  with  experimental  grain  growth  results  obtained 
in  high  purity  lead. 

The  above  discussion  assumes  that  the  average  inclusion  diameter  remains 
constant,  and  that  grain  growth  will  stop  when  the  average  grain  size  C  reaches  G.. 
However,  during  heat  treatment  the  inclusions  or  pores  may  gradually  coalesce  so  that 
the  value  of  G ^  increases.  Lifshitz  and  Slyozov  predict  a  fu3  dependence  of  particle  size 
with  time.  [13]  This  should  lead  to  a  grain  growth  law  of 

C  =  Ktm.  (2.10) 


2.5  Grain  Size  Measurement 

Grain  size  and  grain  size  distribution  is  normally  determined  by  the  mean 
intercept  method.  A  polished  planar  section  of  the  sample  is  photographed  using  an 
electron  microscope  and  a  set  of  lines  is  drawn  or  superimposed  on  the  photograph.  The 
average  chord  length  (mean  intercept  length)  of  the  particles  intersecting  the  the  lines 
gives  a  convenient  measurement  for  characterizing  particle  size. 

For  spherical  particles  or  rods  of  uniform  size,  the  mean  intercept  length  is 
directly  related  to  the  particle  radius  r,  by  the  following  equations.  [14] 

L  =  r  for  spheres  (2.11) 

O 

L  -  2r  for  rods 


(2.12) 
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For  space  filling  grains,  the  mean  intercept  length  also  gives  the  grain  boundary 
area  per  unit  volume,  Sy. 


S 


v 


(2.13) 


where  P  is  the  number  of  grain  boundary  intersections  per  unit  length  of  test  line,  and 
N  is  the  number  of  intersections  on  a  test  line  of  total  length,  L.  [14] 

The  grain  size  in  metals  and  ceramics  is  usually  found  to  have  a  lognormal 
distribution.  Grain  size  distribution  can  be  estimated  from  the  intercept  length 
distribution  provided  certain  assumptions  are  made.  If  the  grains  are  assumed  to  be 
spherical  and  the  distribution  can  be  represented  by  a  discontinuous  distribution,  then 
the  following  equation  can  be  used  to  estimate  the  distribution  of  .grain  diameters. 


N(D) 


D-L 


2n(L)  2 

'  *L 


dn(L) 
d L  ’ 


(2.14) 


where  N(D)  is  the  number  of  spheres  of  diameter  D  per  unit  volume,  and  n(L)  and 
dn(L)/dL  are  the  magnitude  and  slope  at  L  of  the  continuous  distribution  curve  of  chord 
lengths.  [13] 

A  method  of  determining  grain  size  distribution,  assuming  the  particles  are 
ellipsoidal  in  shape  with  identical  axial  ratios  is  detailed  in  the  literature.  [16] 


2.6  Experimental  Design 

There  are  many  methods  of  designing  an  experiment  to  measure  the  effects  of  a 
number  of  factors  (or  variables)  on  some  property  or  quantity  of  interest.  One  common 
design  is  the  symmetric  factorial  design  in  which  a  small  integral  number,  p,  of  levels  is 
chosen  for  each  of  k  factors,  and  all  p*  combinations  of  these  levels  are  run.  The  results 
of  such  an  experiment  may  be  used  to  estimate  the  effects  and  interactions  of  the 
various  factors  on  the  response  of  interest. 
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Supposing  the  functional  relationship  between  the  response  of  interest  and  the  k 
quantitative  experimental  variables  can  be  approximated  by  a  general  polynomial  of 
degree  d.  A  design  appropriate  for  estimating  each  of  the  {k+d)\!k\d\  constants  of  such 
a  polynomial  would  be  called  a  design  of  order  d.  A  p-level  factorial  design  can  be  used 
to  estimate  a  polynomial  of  no  more  than  p-1  degrees. 

An  experimental  design  using  N  runs  to  estimate  each  of  L  constants  is  said  to 

have  a  redundancy  factor  or  R=NIL  This  factor  can  not  be  less  than  unity.  For 

example,  a  three  level  factorial  in  four  variables  used  as  a  second  order  design  requires 
34=81  runs  to  estimate  15  constants,  and  thus  has  a  redundancy  factor  of  81/15  = 
5.4. 

In  cases  where  the  experimental  error  is  small,  it  is  not  necessary  to  have  a 
large  number  of  observations  to  acheive  the  desired  precision.  A  large  redundancy  factor 
would  then  be  a  waste  of  resources  and  time.  A  small  redundancy  factor  may  be 
obtained  by  using  incomplete  factorial  designs. 

An  incomplete  factorial  design  is  an  design  in  which  not  all,  but  only  a  subset,  of 

the  factorial  combinations  are  used.  It  is  particularly  useful  if  the  subset  of  factorial 

combinations  is  chosen  in  such  a  way  that  a  second  order  rotatable  design  is  produced. 

Suppose  in  a  3 -level  design  the  levels  are  coded  in  standardized  units  such  that 
the  three  values  taken  by  each  of  the  k  variables,  xu  x„...xfc,  are  -1,  0  and  1.  Suppose 
also  that  the  results  of  interest  can  be  estimated  by  the  method  of  least  squares  to  fit  a 
second  order  polynomial  of  the  form 

/  =  6»  +  £  b  x.  +  £  I  b  x.x. .  (2.15) 

.-i  *  '  .-1  ,-i  u  1  J 

A  second  order  rotatable  design  is  one  such  that  the  variance  of  f  is  constant  for  all 

points  equidistant  from  the  center  of  the  design,  (i.e.  for  all  points  where  p=(  Z  x2)v2 

1*1  1 

is  the  same.)  This  type  of  design  ensures  that  the  variance  of  /  is  reasonably  constant 
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throughout  the  region  of  k  space  covered  by  the  design.  Various  incomplete  factorial 
designs  are  detailed  in  the  literature.  [17] 


3.  EXPERIMENTAL  PROCEDURES 


3.1  Sample  Preparation 

A  mullite  precursor  was  provided  by  Anne  Hynes  of  Dr.  Doremus’  group  in  the 
Materials  Engineering  department  of  Rensselaer  Polytechnic  Institute.  The  precursor 
was  made  by  a  sol-gel  method  based  on  aluminum  alkyoxide  (AlO(OH))  and 
tetraethylorthosilicate  (TEOS). 

An  AIO(OH)  dispersion  was  made  by  slowly  adding  AIO(OH)  to  a  solution  made 
by  mixing  6ml  of  concentrated  HNOj  per  liter  of  water.  The  dispersion  was  stirred  for 
12  hours  before  letting  it  stand  overnight  to  let  any  large  aggregates  or  agglomerates  to 
settle  to  the  bottom.  The  colloidal  dispersion  was  decanted  and  the  sediment  discarded. 
The  dispersion  was  then  stirred  again  and  a  small  amount  was  removed  for  gravimetric 
analysis  to  determine  the  amount  of  AIO(OH)  per  gram  of  dispersion. 

TEOS  was  added  to  the  AIO(OH)  dispersion  in  proportions  designed  to  result  in 
the  desired  weight  ratio  of  A1,03  to  SiO,.  TEOS  is  immiscible  with  water  and  at  low  pH 
hydrolizes  to  form  a  hydrated  silica  and  alcohol.  As  the  TEOS  slowly  hydrolized,  the 
mixture  was  stirred  rapidly  to  prevent  the  TEOS  from  segregating,  and  to  ensure  a 
uniform  dispersion  of  silica. 

The  mixture  was  flocculated  into  a  gel  by  adding  NH«OH  to  increase  the  pH, 
and  then  freeze  thawed  and  filtered  to  remove  the  water.  The  filter  cake  was  repeatedly 
washed  with  methanol  to  remove  even  more  water  and  was  dried  under  heat  lamps.  If 
much  water  was  left  in  the  gel,  the  highly  polar  water  molecules  and  the  strong 
capillary  forces  would  have  resulted  in  a  highly  aggregated  powder.  [7] 

The  dried  powder  was  calcined  at  a  heating  rate  of  600°C/hr  with  a  hold  at 
800 #C  for  18  hrs  to  remove  any  remaining  hydrocarbons. 

Powders  produced  in  this  manner  were  received  from  Anne  Hynes  with 
compositions  to  result  in  mullite  with  approximately  72,  73,  and  74  w/o  AljOj. 
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The  powders  were  pressed  into  pellets  1.27mm  in  diameter  and  0.1  to  0.2  mm 
in  height  at  30,000psi  so  that  there  were  5,  12,  and  5  pellets  of  72,  73,  and  74  w/o 
AljOj,  respectively.  The  pellets  were  heat  treated  at  1325°C  for  12  hours  with  a 
heating  rate  of  100°C/hr  to  convert  the  precursor  powders  into  mullite.  The  pellets  were 
then  annealed  at  various  temperatures  and  times  as  detailed  in  Table  1. 

Temperature  is  coded  on  an  inverse  scale  such  that 

— L-  =  5.339  x  10-4  -  0.2706  x  10-4A.  (3.1) 

So  for  factor  A,  a  value  of  -  v'T  corresponds  to  1475°C,  -1  corresponds  to  1510°C,  0 
corresponds  to  1600°C,  1  corresponds  to  1700°C,  and  /2~  corresponds  to  1745#C. 

Time  is  coded  on  a  log  scale  such  that 

log  t  =  2.303  +  1.609B  (3.2) 

or  t  -  10x  5®.  (3.3) 

For  factor  B,  a  value  of  -  /2  corresponds  to  1  hour  1  minute,  -1  corresponds  to  2 
hours,  0  corresponds  to  10  hours,  1  corresponds  to  50  hours,  and  /2  corresponds  to  97 
hours  23  minutes. 

Composition  is  coded  linearly  such  that  for  factor  C,  a  value  of  -1  corresponds  to 
72  w/o  A1,0„  0  corresponds  to  73  w/o  A1,0„  and  1  corresponds  to  74  w/o  A1,0,. 

Experiments  have  shown  that  grain  growth  can  usually  be  represented  by  an 
empirical  equation  of  the  form  found  in  Equation  2.7.  Taking  the  log  of  this  equation 
gives 

log  C  =  log  K  +  (-Q/RD  +  n  log  t,  (3.4) 


which  is  of  the  form 


Table  1 

Experimental  Design 
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Sample  # 

A 

B 

C 

Temp 

Time 

Comp 

1 

-1 

-1 

0 

2 

-1 

0 

-1 

3 

-1 

0 

1 

4 

-1 

1 

0 

5 

0 

-1 

-1 

6 

0 

-1 

1 

7 

0 

1 

-1 

8 

0 

1 

1 

9 

1 

-1 

0 

10 

1 

0 

-1 

11 

1 

0 

1 

12 

1 

1 

0 

13 

0 

0 

0 

14 

0 

0 

0 

15 

0 

0 

0 

16 

-  V2 

0 

0 

17 

✓2 

0 

0 

18 

0 

-  /2 

0 

19 

0 

✓2 

0 
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/  =  b„  +  6,  y  +bt  log  t,  (3.5) 

•Q 

where  bt  =  log  K,  6,  =  and  6,  =  n. 

A 

A  second  order  polynomial  of  the  form  in  Equation  2.15  will  be  fit  to  the 
experimental  data.  This  will  give  the  constants  ba,  b ,,  and  b ,  mentioned  above,  and  will 
also  reveal  any  interaction  terms  between  the  variables. 

3.2  Scanning  Electron  Microscopy 

An  Amray  AMR  1000  scanning  electron  microscope  was  used  to  examine 
samples.  The  mullite  pellets  were  mounted  on  polishing  blocks  with  hot  wax  and 
polished  on  a  600  grit  silicon  carbide  wheel,  followed  by  polishing  on  9 *on  and  lum 
diamond  wheels  with  decreasing  pressure.  The  samples  were  examined  under  an 
inverted  light  microscope  to  make  sure  there  were  no  scratches.  The  samples  were  then 
removed  from  the  polishing  blocks  and  cleaned  with  acetone.  Next  the  samples  were 
etched  in  boiling  sodium  hydroxide  (NaOH)  for  1.5  to  10  minutes  to  reveal  the  grain 
boundaries. 

The  samples  were  mounted  on  aluminum  SEM  stubs  with  low  resistance  carbon 
paint  and  sputter  coated  with  gold  to  prevent  the  sample  from  charging  under  the 
electron  beam.  An  Ernest  Fullam,  Model  EMS-76M  sputter  coater  was  used  at  a  setting 
of  25(tA  and  5  minutes  to  get  the  desired  gold  coat. 

The  samples  were  examined  in  the  scanning  electron  microscope  at  20  kV  with 
a  100  micron  aperture  and  a  working  distance  of  8mm.  Micrographs  of  the  samples 
were  then  taken  using  a  Polaroid  camera  at  magnifications  between  625x  and  25,000x. 

3.3  Measurement  of  Microstructural  Features 

The  average  linear  intercept  method  was  used  to  determine  grain  size.  This  was 
done  with  the  aid  of  an  IBM  PC/XT  and  a  Houston  Instrument  TG  1011  digitizing  pad. 
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Each  micrograph  was  placed  under  a  transparency  with  10  parallel  lines  drawn  on  it. 
The  chord  lengths  of  the  grains  intersecting  the  lines  were  digitized  and  stored  into  files 
in  the  PC,  with  a  computer  i  -ogram  taking  into  account  the  magnifications  of  the 
micrographs.  The  number  of  grains  sampled  for  each  heat  treatment  ranged  from  91  to 
1952  grains. 

The  files  containing  the  chord  lengths  for  the  various  heat  treatments  were 
transferred  to  an  E3M  308  ID  mainframe  operating  under  the  Michigan  Terminal 
System  (MTS).  The  SAS  statistical  package  was  used  to  find  the  average  chord  length 
(mean  linear  intercept)  and  to  convert  the  chord  lengths  to  log  values  which  were  then 
averaged  to  find  the  mean  grain  diameter,  and  standard  deviation  of  the  log  of  the 
chord  lengths.  The  Kolmogorov  D  statistic  was  used  to  test  the  goodness  of  fit  of  the 
sample  grain  size  distribution  and  log  grain  size  distribution  with  a  normal  distribution. 

The  Kolmogorov  D  statistic  is  defined  as 

D  -  least  upper  bound  of  \F(x)  -  F^(x)| ,  (3.6) 

the  greatest  absolute  difference  between  Fix)  and  FN (x),  where  F(x)  is  the  continuous 
cumulative  distribution  function  of  a  random  variable,  x. 

Fix)  =  Prob  {X  S  x  },  (3.7) 

and  FNix)  is  the  empirical  distribution  function  for  a  sample  of  size  N.  F^(x )  is  a  step 
function  with  N  steps  of  height  UN.  [18] 

The  Kolmogorov  D  statistic  is  useful  because  the  probability  distribution  of  DN  is 
independent  of  the  shape  of  the  distribution  function,  F(x).  For  large  N,  the  probability 
distribution  of  D ^  is  given  by  the  relationship 

lim  Prob  {  D„  <  ±  }  =  1  -  2  Z  (-1V1  =  Hz). 

Ar-*»  N  j- 1 


(3.8) 
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The  function,  Liz)  has  been  tabulated  by  Smirnov.  [19]  Equation  3.8  makes  it  possible 
to  determine  the  probability  that  the  calculated  value,  D,  comes  from  a  large  random 
sample  of  a  population  with  a  distribution  function  Fix). 

3.4  Density  Measurement 

The  densities  of  the  mullite  samples  were  measured  using  the  Archemedes’ 
Principal  with  distilled  water  as  the  displacement  medium.  A  Mettler  balance  was  used 
with  an  attachment  for  density  measurement.  The  automatic  stability  detection  setting 
was  set  to  "1"  and  the  integration  time  set  to  "3".  The  balance  was  calibrated  with  the 
built-in  calibrator  and  the  density  measurement  attachment  was  put  in  place. 

First  each  sample  was  weighed  dry,  and  then  each  sample  was  weighed  twice 
while  immersed  in  distilled  water  that  had  been  sitting  for  several  days.  (This  allows 
any  gasses  trapped  in  the  water  to  diffuse  out.)  The  water  temperature  was  measured 
before  and  after  all  the  weighings  so  that  the  density  of  the  water  could  be  more 
accurately  determined. 

The  density  of  each  sample  was  calculated  using  the  following  formula 


m 


mullite 


m.  -m 
dry  wet 


H,0  ’ 


(3.9) 


where  PmuUit#  is  the  density  of  the  sample,  is  the  weight  of  the  sample  in  air, 
m„  _  is  the  weight  of  the  sample  immersed  in  water,  and  p  is  the  density  of  the 

HjU  H  jU 

distilled  water. 


The  two  calculated  densities  for  each  sample  were  then  averaged  and  recorded. 


3.5  Hardness  Measurement 

Sample  hardness  was  determined  on  the  Vicker’s  DPH  scale.  A  Leco  M-400 
Hardness  Tester  was  used  to  press  a  small  equiaxed  diamond  indenter  perpendicularly 
against  a  highly  polished  surface  of  the  mullite  with  a  load  of  200  grams  for  10 
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seconds,  leaving  a  pyramid  shaped  dent  in  the  surface. 

Five  such  dents  were  made  in  each  sample  and  their  widths  measured  along  the 
two  diagonals.  Using  a  lookup  chart,  the  hardness  corresponding  to  each  width  was 
found  for  10  seconds  under  a  200  gram  load.  The  ten  resulting  values  for  each  sample 
were  then  averaged  and  recorded. 


4.  EXPERIMENTAL  RESULTS 


The  grain  size  results  of  each  of  the  samples  as  determined  by  the  linear 
intercept  method  are  given  in  Table  2  along  with  the  processing  parameters.  The  results 
included  are  the  mean  and  standard  deviation  of  the  intercept  lengths,  L,  and  the  mean 
and  standard  deviation  of  the  natural  log  of  the  intercept  lengths.  The  density  and 
hardness  of  each  of  the  samples  are  tabulated  in  Table  3. 

The  mean  log  intercept  lengths  of  the  samples  are  plotted  against  an  inverse 
temperature  scale  and  a  log  time  scale  in  a  3 -dimensional  scatter  plot  in  Figure  2  with 
the  various  shapes  of  the  data  points  representing  the  various  mullite  compositions. 
Similar  plots  for  density  and  hardness  are  included  in  Figures  3  and  4,  respectively. 

As  expected,  the  log  of  the  grain  size  increases  nearly  linearly  with  log  time  and 
decreases  linearly  with  inverse  temperature.  It  is  also  found  that  grain  size  increases 
with  increasing  alumina  content  in  the  mullite. 

The  density  and  hardness  of  the  mullite  increases  with  processing  time,  but  this 
increase  becomes  less  marked  at  higher  temperatures  where  near  theoretical  density  is 
more  quickly  reached.  Unlike  grain  sized,  density  and  hardness  do  not  increase  with 
increasing  processing  temperatures  at  longer  processing  times,  but  actually  start  to 
decrease  with  increasing  temperatures.  The  composition  of  the  mullite  appears  to  have 
little  effect  on  the  density  attained,  but  an  increase  in  alumina  content  increases 
hardness. 

A  micrograph  and  a  histogram  of  the  log  grain  size  of  each  of  the  19  samples 
are  included  in  Figures  5  through  23.  Micrographs  and  histograms  are  also  included  for 
samples  of  nominally  72,  73  and  74  w/o  A1,03  which  were  not  heat  treated  beyond  the 
calcining  at  12  hours  at  1325°C.  These  are  shown  in  Figures  24,  25  and  26. 
respectively. 
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Table  2 

Mean  and  Standard  Deviation  of  Chord  Lengths  and  Log  Chord  Lengths 


Sample 

# 

Temp 

(°C) 

Time 

(hrs) 

Comp 

(w/o 

AljOj) 

L 

(iim) 

o(l) 

((un) 

Log(L) 

o(Log(L)) 

1 

1510 

2 

73 

0.286 

0.126 

-1.33 

0.41 

2 

1510 

10 

72 

0.340 

0.139 

-1.16 

0.40 

3 

1510 

10 

74 

0.527 

0.267 

-0.75 

0.47 

4 

1510 

50 

73 

2.061 

1.725 

0.44 

0.73 

5 

1600 

2 

72 

0.405 

0.185 

-1.00 

0.45 

6 

1600 

2 

74 

0.677 

0.281 

-0.47 

0.41 

7 

1600 

50 

72 

2.060 

0.929 

0.62 

0.49 

8 

1600 

50 

74 

4.110 

1.984 

1.28 

0.54 

9 

1700 

2 

73 

1.938 

0.926 

0.53 

0.52 

10 

1700 

10 

72 

1.448 

0.976 

0.19 

0.60 

11 

1700 

10 

74 

4.032 

2.112 

1.27 

0.52 

12 

1700 

50 

73 

8.928 

5.520 

2.00 

0.64 

13 

1600 

10 

73 

0.916 

0.514 

-0.24 

0.56 

14 

1600 

10 

73 

0.863 

0.511 

•0.30 

0.56 

15 

1600 

10 

73 

1.670 

0.884 

0.39 

0.49 

16 

1475 

10 

73 

0.265 

0.102 

-1.40 

0.37 

17 

1745 

10 

73 

4.495 

2.760 

1.31 

0.63 

18 

1600 

1.04 

73 

0.632 

0.369 

-0.61 

0.57 

19 

1600 

97.4 

73 

5.449 

4.443 

1.46 

0.70 

72 

0 

0 

72 

0.495 

0.237 

-0.81 

0.47 

73 

0 

0 

73 

0.241 

0.087 

-1.48 

0.35 

74 

0 

0 

74 

0.209 

0.075 

-1.63 

0.35 

Table  3 

Density  and  Hardness  Data 


Sample 

Temp 

Time 

Comp 

Density 

Hardness 

# 

CC) 

(hrs) 

(w/o  AljOj) 

(g/cc) 

(Vicker’s 

DPH) 

1 

1510 

2 

73 

2.63 

469 

2 

1510 

10 

72 

2.94 

698 

3 

1510 

10 

74 

2.88 

1162 

4 

1510 

50 

73 

3.16 

1322 

5 

1600 

2 

72 

2.79 

1102 

6 

1600 

2 

74 

2.93 

900 

7 

1600 

50 

72 

3.06 

1204 

8 

1600 

50 

74 

3.02 

1296 

9 

1700 

2 

73 

3.12 

1232 

10 

1700 

10 

72 

3.03 

1134 

11 

1700 

10 

74 

3.05 

1316 

12 

1700 

50 

73 

3.12 

1255 

13 

1600 

10 

73 

3.17 

1134 

14 

1600 

10 

73 

3.16 

825 

15 

1600 

10 

73 

3.05 

1179 

16 

1475 

10 

73 

2.47 

673 

17 

1745 

10 

73 

2.96 

1214 

18 

1600 

1.04 

73 

2.80 

1025 

19 

1600 

97.4 

73 

3.11 

1376 

72 

0 

0 

72 

2.70 

444 

73 

0 

0 

73 

2.54 

269 

74 

0 

0 

74 

2.70 

659 

Alumina 

0 

0 

99.8 

3.80 

1860 
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Samples  heated  treated  below  1600°C  for  less  than  50  hours  were  not  very  well 
sintered.  The  particles  are  mostly  round  in  shape  and  there  is  considerable  open 
porosity. 

Samples  that  were  Heated  at  higher  temperat^fes  and  times  were  closer  to 
theoretical  density.  Their  grains  were  faceted,  and  there  was  little  open  porosity.  In 
many  of  the  73  w/o  Ai,Oj  mullite  samples  with  average  grain  sizes  above  1  micron, 
microstructure  varied  from  region  to  region.  There  were  areas  containing  large,  nearly 
equiaxed  grains,  and  areas  with  smaller  rod  shaped  grains  with  aspect  ratios  of  1.5:1  to 
6:1.  The  smaller  elongated  grains  appeared  to  occur  in  the  more  porous  sections  of  the 
sample.  4 

In  the  74  w/o  Al,Oj  mullite  sample  heated  at  1600SC  for .50  hours,  there  was  a 
bimodal  distribution  of  grain  sizes.  Pockets  of  small  grains  were  found  among  much 
larger  grains.  In  the  72  w/o  A1,0,  mullite  sample  heated  at  1700°C  for  10  hours,  there 
was  a  bimodal  distribution  of  grain  sizes.  Here  the  smaller  grains  were  more  evenly 
interspersed  among  the  larger  grains. 

It  was  also  noted  that  samples  heated  at  1700°C  and  above,  samples  heated  for 
50  hours  or  more,  and  samples  of  74  w/o  Al,Oj  required  longer  etch  times  (i.e.  5  or 
more  minutes)  to  reveal  grain  boundaries. 

Equations  modelling  the  mean  log  grain  size,  density  and  hardness  were  derived 
according  to  the  analysis  given  by  Box.  [17]  The  modelling  equations  with  the  coded 
variables  are  as  follows: 

Log (L)  =  -  0.05  +  0.848A  +  0.826B  +  0.335C  +  0.120A*  +  0.340B*  -  0.18C*  - 


0.07AB  +  0.167AC  -  0.032BC 


(4.1) 
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LOG  GRAIN  SIZE 

(microns) 


y  72  w/o  Al  p  3  composition 
%  73  w/o  Al  p  3  composition 
■  74  w/o  Al  p3  composition 


Figure  2 


Log  Grainsize  Data  vs  ifT(K)  and  Log  time 
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▼  72  w/o  Al  203  composition 
#  73  w/o  Al  203  composition 
■  74  w/o  Al  203  composition 


Figure  3 


Density  data  vs  1/T(K)  and  Log  time 
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▼  72  w/o  Al  fi3  composition 

•  73  w/o  Al  p,  composition 

Bl  74  w/o  Al  2Oj  composition 


Figure  4 


Hardness  data  vs  1/T(K)  and  Log  time 


Log  Grain  Size 


Figure  7.  Micrograph  and  histogram  of  Sample  3 
74  w/o  Al,Oi  muiiite  heat  treated  at  1510  C  for  10  hours 


Log  Grain  Size 


Figure  9.  Micrograph  and  histogram  of  Sample  5 
72  w/o  Al  j  Oj  muihte  heat  treated  at  1600  C  for  2  hours 


Micrograph  ar 
2  O)  muilite  hea 


Log  Grain  Slza 


Figure  14.  Micrograph  and  histogram  of  Sample  10 
72  w/o  Ai  2  Qj  muiiite  heat  treated  at  1700  C  for  10  hours 


Figure 
73  w/o 


Number  of  Grains 


Number  of  Grains 


Number  of  Grains 


Figure  22 
73  w/o  Al  2 


Number  ot  Grains 


5 


Magnification  l,250x 
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Figure  23.  Micrograph  and  histogram  of  Sample  19 
73  w/o  At  2  Oj  muilite  heat  treated  at  1600  C  for  97  4  hours 
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Figure  24.  Micrograph  and  histogram  of  Sample  72 
72  w/o  Al 2  Q  muihte  calcined,  but  not  further  heat  treated. 
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p  =  3.126  +  0.088A  +  0.111B  +  0.007C  -  0.04AJ  •  0.07B*  -  O.lOC’  -  0.13AB  + 

0.02AC  -  0.04BC  (4.2) 

Hardness  =  1046  +  16 1A  +  172B  +  67C  -  12.2A’  +  35.75BS  +  43.75C1  -  207AB  - 

70.5AC  +  73.5BC.  (4.3) 

For  the  73  w/o  Ai20j  composition,  C  =  0,  so  the  C,  C1,  AC,  and  BC  terms  drop 
out.  The  resulting  equations  are  shown  as  a  3-dimensional  plot  in  Figures  27  through 
29.  The  slope,  n  of  the  function  with  log  time  appears  to  increase  with  time. 

Assuming  the  squared  terms  are  neglible,  the  modelling  equations  in  their 
uncoded  form  are 

Log (L)  =  -8.955  -31337  (i)  +  0.5132(log  f )  +  0.335(composition)  (4.4) 

p  *  4.19  •  3251  (-i-)  +  0.069  (log  t)  +  0.007  (composition)  (4.5) 

Hardness  =  -915  -  6  x  10‘  (i)  +  107  (log  t)  +  67  (composition).  (4.6) 

At  the  73  w/o  A1,0)  composition,  the  equation  becomes 

Log(I)  =  15.5  -  31337  ( 1/T)  -  0.513  log  t,  (4.7) 

which  is  in  the  same  form  as  Equation  3.5.  This  equation  can  be  converted  to  the  same 
form  as  Equation  2.7  as  discussed  in  Section  2.1  of  the  Experimental  Procedures.  The 
equation  becomes 

£  —  g  j  20*  e-260(KJ/mol*-K)/Rr  ^0.51  ^  gj 

Thus  the  constants  for  equation  3.5  are 


Figure  27 


Predicted  Log  Grain  Size  vs  i/T(K)  and  Log  time  for  73w/o  Al  20,  mullite 
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Figure  28 


Predicted  Density  vs  i/T(K)  and  Log  time 
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n  =  0.51 

Q  =  260  KJ/mole-K 
K  =  5  x  10‘. 

Log  grain  size  is  plotted  against  log  time  for  each  composition  and  heat 
treatment  temperature  in  Figure  30.  A  line  is  fitted  to  each  set  of  data  points.  The 
slope  of  each  line  is  the  value  of  n  for  that  particular  temperature  and  composition.  The 
values  of  n  are  found  to  range  from  0.45  to  0.55  with  a  mean  of  0.50  and  a  standard 
deviation  of  0.04.  There  is  no  clear  trend  of  n  increasing  or  decreasing  with  temperature 
or  composition. 

A  Kolmogorov  D  test  statistic  was  calculated  for  each  sample  to  determine 
goodness  of  fit  with  a  normal  and  lognormal  distribution  as  explained  in  the 
experimental  procedures  section.  Table  4  lists  the  skewness  of  the  sample  distribution, 
the  Kolmogorov  D  statistic  and  the  probability  of  obtaining  a  D  statistic  that  value  or 
higher  from  a  random  sample  of  a  population  with  a  normal  distribution.  These  values 
are  included  for  both  the  grain  size  distributions  and  the  log  grain  size  distributions. 

The  probability  of  the  D  value  being  consistent  with  a  normal  distribution  was 
less  than  0.01  for  all  samples  except  sample  8  which  was  74  w/o  Al,Oj  mullite  heated 
50  hours  at  1600°  C,  indicating  that  the  distributions  are  not  normal.  The  probability  of 
the  D  value  being  consistent  with  a  lognormal  distribution  ranged  from  less  than  0.01  to 
greater  than  0.15.  Samples  4,  7,  9,  13,  and  18  had  probability  values  less  than  0.01, 
indicating  that  these  distributions  were  not  lognormal.  Samples  16,  19,  and  73  had 
probability  values  greater  than  0.15,  indicating  that  those  distributions  were  very  close 
to  being  lognormal. 

The  skewness  of  the  sample  grain  size  distributions  range  from  0.53  to  4.44. 
The  skewness  of  the  sample  log  grain  size  distributions  range  from  -0.63  to  0.30.  These 
statistics  show  that  the  grain  size  distribution  des  not  match  a  normal  distribution,  but 
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Log  Gralnslze  vs  Log  tlms  by  temperature  and  composition 
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Normal 


Sample 

Skewness 

D 

# 

1 

1.55 

0.090 

2 

1.39 

0.084 

3 

1.59 

0.117 

4 

1.87 

0.165 

5 

1.16 

0.096 

6 

1.04 

0.092 

7 

0.68 

0.082 

8 

0.53 

0.084 

9 

0.77 

0.092 

10 

2.05 

0.153 

11 

1.69 

0.095 

12 

1.38 

0.099 

13 

1.28 

0.095 

14 

1.47 

0.102 

15 

1.65 

0.098 

16 

1.19 

0.100 

17 

2.76 

0.112 

18 

2.12 

0.100 

19 

4.44 

0.146 

72 

1.67 

0.095 

73 

0.97 

0.074 

74 

1.10 

0.081 

Lognormal 


Prob  >  D 

Skewness 

D 

<0.01 

0.128 

0.020 

<0.01 

-0.101 

0.035 

<0.01 

0.167 

0.038 

<0.01 

0.297 

0.057 

<0.01 

-0.135 

0.020 

<0.01 

-0.142 

0.040 

<0.01 

-0.633 

0.070 

0.11 

-0.477 

0.096 

<0.01 

-0.552 

0.082 

<0.01 

0.183 

0.034 

<0.01 

-0.346 

0.036 

<0.01 

-0.333 

0.038 

<0.01 

-0.203 

0.040 

<0.01 

-0.142 

0.025 

<0.01 

0.081 

0.039 

<0.01 

-0.024 

0.037 

<0.01 

-0.312 

0.071 

<0.01 

-0.460 

0.040 

<0.01 

-0.313 

0.025 

<0.01 

-0.313 

0.024 

<0.01 

0.040 

0.031 

<0.01 

-0.060 

0.033 

Prob  >  P 


0.113 

0.125 

0.046 

0.010 

0.076 

0.051 

0.010 

0.037 

0.010 

0.034 

>0.015 

0.031 

0.010 

0.030 

0.056 

>0.150 

0.028 

0.010 

>0.150 

0.072 

>0.150 

0.121 
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more  closely  matches  a  lognormal  distribution. 

Hardness  is  plotted  against  density  for  each  compostion  in  Figure  31,  and  a  line 
fitted  to  each  set  of  data  points.  The  figure  shows  that  there  is  an  increase  in  hardness 
with  density.  There  is  considerable  scatter  of  the  data  about  the  lines  and  the 
coefficients  of  determination,  R3,  ranges  from  0.466  to  0.797,  indicating  that  other 
factors  beside  density  have  a  significant  effect  on  hardness.  The  slope  of  the  lines 
appear  independent  of  composition.  The  hardness  and  density  of  pure  alumina  falls 
along  the  hardness  vs  density  curve  for  mullite. 
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Figure  31 

Hardness  vs  Dsnsity  by  Composition 
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temperatures.  This  may  be  because  pores  trapped  within  the  grains  of  the  higher 
temperature  samples  can  not  reach  the  surface  of  the  samples  as  easily  and  quickly  as 
pores  located  at  the  higher  energy  grain  boundaries. 

Certain  samples  had  a  bimodal  distribution  of  grain  sizes  with  small  grains  in 
porous  regions  of  the  samples  and  large  grains  in  denser  regions  of  the  samples.  This 
indicates  that  the  starting  powder  may  not  have  been  completely  homogeneous.  In 
future  studies  more  care  should  be  taken  to  ensure  that  the  samples  remain 
homogenous  throughout  all  the  processing  procedures. 
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Solid  solutions  of  2ff-SiC/AIN  can  be  prepared  at  tempera¬ 
tures  less  than  1600°C  by  rapid  pyrolysis  (“hot  drop”) 
of  mixtures  of  r(MeJSi),J,((CH2=CH)MeSi),.,(MeHSi),J,]. 
(VPS)  or  [MeHSiCHj].  (MPCS)  with  [RjAINHjb,  where 
R  =  Et,  i-Bu  or  simply  by  slow  pyrolysis  of  the  precursor 
mixture  in  the  case  of  [Et2AiNH]]}.  In  contrast,  slow 
pyrolysis  of  mixtures  of  VPS  or  MPCS  with  [i-Bu2AlNHih 
yields  a  composite  of  2//-AIN  and  3C-S1C  at  1600°C,  which 
transforms  into  a  single  2/f-SiC/AIN  solid  solution  on  heat¬ 
ing  to  2000°C.  The  influences  of  the  nature  of  the  precursor 
and  processing  conditions  on  the  structure,  composition, 
and  purity  of  the  SiC/AIN  materials  are  discussed.  (Key 
words:  silicon  carbide,  precursors,  aluminum  nitride,  solid 
solutions,  pyrolysis.] 

I.  Introduction 

The  prospect  of  alloying  SiC  with  other  covalently  bonded 
refractory  materials,  such  as  AIN,  to  achieve  microstruc- 
tural  control  or  alter  properties  has  been  previously  noted  and 
realized  under  certain  conditions.116  However,  because  of  the 
high  melting  points  and  low  solid-state  diffusivities  which  are 
characteristic  of  these  materials,  currently  available  ceramic 
processing  methods,  such  as  sintering  or  hot-pressing,  are  of 
limited  practical  value  as  a  means  of  obtaining  chemically  and 
microstructurally  homogeneous  materials  in  useful  final  form. 

A  constraint  on  the  use  of  SiC  in  high-temperature  appli¬ 
cations  is  the  existence  of  cubic  (0-SiC,  3C),  hexagonal 
(a-SiC,  2 H,  4 H,  6 H).  and  rhombohedral  (“a-SiC,  "15R,  21 R) 
polytypes  of  SiC  having  one  or  more  phase  transformations 
between  1400°  and  2200°C.  These  phase  transformations  often 
result  in  undesirable  changes  in  microstructure,  including 
exaggerated  grain  growth.1  AIN  is  a  good  candidate  for  solid 
solution  formation  with,  and  phase  stabilization  of,  SiC 
because  its  only  form  is  isostructural  with  the  wurtzite  (hexag¬ 
onal  2 H)  form  of  SiC  and  is  closely  lattice  matched.  In  addi¬ 
tion,  the  presence  of  1%  to  10%  AIN  in  hot-pressed  SiC 
samples  has  been  reported  to  reduce  grain  size  and  improve 
microstructural  uniformity.1  The  potential  to  vary  properties 
such  as  band  gap  (SiC,  2.3  eV;  AIN,  6.0  eV),  thermal  conduc¬ 
tivity,  and  thermal  expansion  over  the  range  of  SiC/AIN 
solid  solution  compositions  makes  this  system  attractive  for 
electronic  applications.2 
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SiC/AIN  composite  and  solid-solution  materials  with  a  wide 
compositional  range  have  been  prepared  by  several  traditional 
processing  routes.  For  example,  Rafaniello  and  co-workers 
prepared  SiC/AIN  powder  by  carbothermal  reduction  of  mix¬ 
tures  of  alumina,  silica,  and  carbon  in  a  nitrogen  atmosphere 
at  1625°C.  Samples  of  the  powder  were  subsequently  hot- 
pressed  under  argon  at  70  MPa  and  temperatures  of  1950°  to 
2300°C.  At  temperatures  below  2100°C,  bulk  materials  of  IS 
to  75  wt%  AIN  were  inhomogeneous  mixtures  of  SiC/AIN 
solid  solutions  of  different  compositions,  whereas  samples 
hot-pressed  at  2300°C  are  homogeneous,  single-phase  2 H  ma¬ 
terials.  Annealing  samples  at  1700°C  that  had  been  hot -pressed 
at  2100°  to  2300°C  resulted  in  phase  separation  within  indi¬ 
vidual  grains,  suggesting  a  miscibility  gap.3 

Ruh  and  Zangvil  have  also  obtained  composite  and  solid- 
solution  materials,  over  the  complete  compositional  range,  by 
hot-pressing  mixtures  of  0-SiC  and  AIN  under  vacuum  at 
35  MPa  and  temperatures  of  1700°  to  2300°C.4'7  Recently, 
these  authors  proposed  a  phase  diagram  for  the  SiC/AIN  sys¬ 
tem,  based  on  analytical  electron  microscopy  studies  of  local 
equilibria  among  adjacent  phases  in  hot-pressed  samples  and 
diffusion  couples.7  At  temperatures  above  2100°C  and  compo¬ 
sitions  from  24  to  100  wt%  AIN,  a  single  2 H  solid-solution 
phase  exists.  At  temperatures  less  than  1950°C  and  composi¬ 
tions  from  approximately  10  to  90  wt%  AIN,  2 H  is  the  stable 
phase;  however,  a  miscibility  gap  exists,  such  that  SiC-  and 
AlN-rich  2 H  phases  were  observed.  The  phase  boundaries  in 
this  diagram  are  in  general  agreement  with  one  calculated  by 
Safaraliev  and  co-workeis,  who  suggest  that  the  polytype 
structure  is  largely  dependent  on  phase  composition  and 
that  2 H  solid  solutions  should  predominate  at  compositions 
>20  wt%  AIN.* 

Tsukuma  and  co-workers  have  prepared  single-phase  2 H 
materials  by  sintering  mixtures  of  Si}N4  and  A14Cj  under 
10  MPa  of  argon.9  Zangvil  and  Ruh  suggest  that  this  phase  is 
a  solid  solution  of  SiC/AIN  based  on  the  lattice  parameters.10 
Recently,  Sugahara13  and  Mitomo14  have  extended  the  work 
of  Jack"  and  Cutler12  on  the  preparation  of  SiC/AIN  solid  so¬ 
lutions  and  mixtures  by  carrying  out  the  carbothermal  reduc¬ 
tion  of  montmorillonite-PAN  intercalation  compounds  and 
sol-gel-derived  Si02  and  A12Oj,  respectively.  Solid  solutions 
of  SiC/AIN  have  also  been  prepared  by  the  vapor  deposition 
of  Al  and  N  into  a  porous  SiC  body15  and  by  chemical  vapor 
deposition  of  AIN  and  SiC  on  6//-SiC  and  a-AhOj.16 

Several  general  observations  regarding  the  formation  and 
microstructure  of  SiC/AIN  solid  solutions  emerge  from  these 
studies.  First,  it  is  difficult  to  prepare  homogeneous  single¬ 
phase  SiC/AIN  solid  solutions  at  temperatures  less  than 
2100°C.  Second,  large  gradients  in  composition  typically  exist 
within  solid  solutions  and  individual  grains.  Finally,  the 
microstructure  and  composition  of  the  resulting  materials  are 
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through  the  small  septum  and  reactor  septum  in  one  opera¬ 
tion.  The  precursor  mixture  was  dropped  onto  the  heated 
stage  of  the  reactor,  over  a  15-min  period,  at  a  rate  of 
0.2  cm5/min.  A  white  solid  was  observed  immediately  on  ad¬ 
dition.  After  2  h  of  heating  under  an  ammonia  atmosphere, 
nitrogen  gas  was  introduced  into  the  system  and  heating  con¬ 
tinued  for  4  h.  The  reactor  was  cooled  to  room  temperature 
while  purging  with  nitrogen,  and  transferred  to  a  nitrogen- 
filled  glove  box.  The  white  solid  was  removed  from  the  reac¬ 
tor  and  transferred  into  a  tungsten  boat  in  a  quartz  tube  for 
further  heating  to  1000°C. 

III.  Subsequent  Sample  Annealing 

The  solid  SiC-  and  AlN-containing  pyrolysis  products  of 
both  procedures  were  handled  under  nitrogen  and  stored  in  a 
glove  box.  To  improve  crystallinity  of  the  products,  further 
heating  at  1400°  to  1600°C  in  a  nitrogen  atmosphere  was  em¬ 
ployed.  Boron  nitride  boats  were  used  to  minimize  carbon 
contamination.  X-ray  powder  diffraction,  electron  micro¬ 
probe,  and  chemical  analysis  were  used  in  the  characterization 
of  the  crystalline  products.  Thermal  gravimetric  analyses 
(TGA)  of  the  organometailic  precursors  were  carried  out 
under  an  atmosphere  of  nitrogen.’  A  special  Lexan  glove  box 
was  designed  and  built  to  house  the  TGA  equipment  so  as  to 
allow  the  handling  of  air-sensitive  precursors  under  an  inert 
atmosphere. 

IV.  Results 

Eight  separate  experiments  were  carried  out  in 
which  [(Me3Si),((CH2=CH)MeSi),(MeHSi),],,  (VPS)  or 
[MeHSiCH2]„  (MPCS)  were  mixed  with  [EtjAlNH^  or 
[i-Bu2AlNH2t  and  processed  by  the  copyrolysis,  or  “hot- 
drop,”  approach.  Elemental  analysis  data  obtained  for  the 
black  solids  obtained  from  these  pyrolyses  after  heating  to 
1000 °C  are  summarized  in  Table  I.  Independent  oxygen  analy¬ 
ses  were  obtained  for  selected  samples  and  also  appear  in 
Table  I.  From  these  data,  ratios  of  Si:Al,  A1:N,  and  Si:C 
were  calculated  and  are  listed  in  Table  II. 

Fourier  transform  infrared  (FT-IR)  studies  on  these  samples 
indicated  little  or  no  residual  C-H  or  N-H  groups  remained 
after  heating  to  1000°C.  At  this  stage,  XRD  patterns  showed 
little  evidence  for  crystallinity. 

SEM  data  of  all  pyrolysis  products  showed  highly  agglom¬ 
erated,  irregularly  shaped  particles  varying  in  size  from  1  to 
20  urn.  No  attempts  have  been  made  to  optimize  product 
morphology  by  tailoring  processing  conditions.  TEM  analyses 
of  both  the  600°  and  1000°C  products  of  the  hot-drop  pyroly¬ 
sis  of  a  mixture  of  VPS  with  [Et2AlNH2l  showed  no  dis¬ 
cernible  features.  SAD  analyses  of  these  materials  confirmed 
their  noncrystalline  nature. 


■Thermal  gravimetric  analyse!  were  carried  out  on  a  Perkin-Elmer  (Eden 
Prarie.  MN)  TGA  1700  System.  X-ray  diffraction  was  performed  using 
either  a  Siemens  (Karlsruhe,  FRG)  dSOO  or  Rigaku  (Tokyo.  Japan)  theta- 
theta  diffractometer  at  General  Electric.  Transmission  electron  micrographs 
were  obtained  using  a  JEOL  (Tokyo,  Japan)  lOOx  microscope.  Elemental 
analyses  were  provided  by  Multichem  (Lowell,  MA),  Galbraith  (Knoxville, 
TN).  and  Schwartzkopf  ( Woodside.  NY)  analytical  laboratories. 


X-ray  powder  diffraction  (XRD)  data  for  the  sample  pre¬ 
pared  by  the  hot-drop  approach,  and  subsequently  heated  to 
1400°  to  160 0°C  to  improve  crystallinity,  indicated  the  forma¬ 
tion  of  SiC/AIN  solid  solutions  for  all  precursor  combinations. 
Consider,  for  example,  the  XRD  data  for  the  pyrolysis 
product  of  VPS  and  [Et2AlNH2li,  shown  in  Fig.  2.  There  is 
evidence  for  at  least  two  major  solid  solution  compositions  be¬ 
tween  end-members  of  a-SiC  and  AIN.  Heating  the  samples 
to  1800°C  improved  crystallinity  but  did  not  introduce  any 
new  diffraction  lines. 

The  existence  of  two  separate  solid  solution  phases  is  cor¬ 
roborated  by  electron  microprobe,  TEM,  and  SAD  analyses 
of  a  sample  prepared  by  the  hot-drop  pyrolysis  of  a  mixture 
of  VPS  and  [Et2AlNH2]j,  followed  by  heating  to  1800°C  under 
nitrogen.  Electron  microprobe  indicates  a  nonuniform  distri¬ 
bution  of  Si  and  Al  within  and  between  individual  grains, 
with  Si :  Al  ratios  varying  from  0.62  to  0.82.  TEM  analyses  in¬ 
dicate  two  morphologies— fine-grained,  aluminum-rich  flakes 
and  thin,  silicon-rich  plates,  as  shown  in  Fig.  3.  Energy  dis¬ 
persive  X-ray  spectra  indicate  Si'AI  ratios  in  the  range  of 
1:10  and  2.5:1,  respectively.  There  are  large  compositional 
variations  between  particles;  however,  all  particles  exhibit 
wurtzite  diffraction  patterns,  as  observed  by  SAD.31 

XRD  analyses  of  copyrolyzed  samples  heated  to  1400°  to 
1600°C  indicated  that  SiC/AIN  solid  solution  formation  is 
precursor-dependent.  The  pyrolysis  products  of  mixtures  of 
VPS  or  MPCS  with  [Et2AlNH2]3  are  SiC/AIN  solid  solutions; 
thus,  XRD  patterns  typical  of  the  hexagonal  2 H  structure 
were  observed  with  diffraction  lines  that  fall  between  those 
of  the  a-SiC  and  AIN  end-member  compositions.  In  contrast, 
XRD  data  for  the  pyrolysis  products  of  mixtures  of  VPS  or 
MPCS  with  [i-Bu2AlNH2}j  are  mixtures  of  /3-SiC  and  AIN, 
as  illustrated  in  Fig.  4.  Heating  the  samples  to  2000°C  under 
argon  resulted  in  the  transformation  of  the  mixture  of  /3-SiC 
and  2//-A1N  to  a  single-phase  2 //-SiC/AIN  solid  solution.21 

Thermal  gravimetric  analyses  involved  heating  mixtures 
of  VPS  or  MPCS  with  [Et2AlNH2l  or  [i-Bu2AlNH2],,  at 
5°C/min,  in  a  nitrogen  atmosphere.  As  summarized  in 
Table  III,  the  precursor  mixtures  have  a  higher  ceramic  yield 
than  would  be  predicted  based  on  ceramic  yields  of  individual 
precursors.  This  increase  in  ceramic  yield  is  particularly  pro¬ 
nounced  in  the  case  of  mixtures  of  MCPS  with  the  organoalu- 
minum  amide  precursors. 


V.  Discussion 

Low-temperature  pyrolysis  products,  prepared  by  slowly 
heating  mixtures  of  VPS  or  MPCS  with  [i-Bu2AlNH2]3  to 
1000°C  under  nitrogen  flow,  contained  mixtures  of  3C-SiC 
and  2 //-AIN.  Heat-treating  these  products  to  150 0°C  improved 
the  crystallinity  of  the  sample  but  did  not  promote  solid 
solution  formation.  This  suggests  that,  under  the  reaction 
conditions  and  heating  rates  employed,  the  organometailic 
precursors  may  decompose  independently  of  one  another  to 
provide  an  intimate  mixture  of  SiC  and  AIN.  This  would  be 
understandable  in  the  context  of  the  widely  different  decom¬ 
position  characteristics  of  these  two  precursor  systems  and  the 


Table  I.  Elemental  Analyses  of  SIC/AIN  Materials  Treated  at  1000°C 


Precursor 

Method* 

Element  (%) 

Si 

C 

Al 

N 

o' 

VPS,  [E 

t2AlNH>L 

HD 

39.62 

17.17 

27.24 

15.79 

0.18 

VPS,  ft- 

Bu2A1NH21j 

HD 

40.21 

18.47 

25.76 

14.% 

0.59 

VPS,  Et2AlNH2  j 

CP 

32.15 

16.06 

33.18 

17.27 

1.34 

VPS,  i-Bu2A1NF  jl 

} 

CP 

29.87 

17.63 

33.17 

17.24 

3.05 

MPCS, 

Et2AlNH2; 

3 

HD 

41.35 

19.71 

24.62 

14.23 

0.09 

MPCS, 

i-Bu2AlNH 

2t 

HD 

39.89 

17.02 

2631 

15.12 

2.66 

MPCS, 

Et2AlNH2 

3 

CP 

29.72 

17.86 

33.19 

17.26 

3.01 

MPCS, 

i-Bu,AJNlj 

2h 

CP 

30.42 

16.91 

33.20 

17.23 

2.24 

Theoretical  yields 

34.64 

14.76 

33.19 

17.23 

0.00 

•HD  is  "hot  drop,"  CP  is  copyrolysis.  'Determined  by  difference. 
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Fig.  4.  X-  ray  powder  diffraction  data  for  SiC/AIN  material  pre¬ 
pared  from  MPCS  and  [i-Bu2A1NH;1j  by  the  copyrolysis  pro¬ 
cedure,  after  heat  treatment  to  1500°C. 

2//-SiC/AlN  solid  solution  can  be  prepared  by  heat-treating 
samples  at  temperatures  greater  than  2000°C. 

An  interesting  question  is  the  role  of  ammonia  in  the 
copyrolysis  and  hot-drop  processes.  It  is  generally  accepted 
that  ammonia  serves  two  functions:  to  remove  carbon  from 
the  product  and  to  enrich  the  sample  in  nitrogen.32  Ammonia 
is  employed  in  our  processes  while  the  precursor  mixture  is 
heated  to  350°C  in  the  copyrolysis  experiments  and  during 
the  first  2  h  of  the  hot-drop  experiments.  The  original  intent 
of  these  experimental  procedures  was  to  ensure  adequate 
conversion  of  the  organoaluminum  amide  precursor  to  AIN. 
Independent  studies  of  the  conversion  of  VPS  under  ammo¬ 
nia  to  SijN,  demonstrate  that  ammonia  does  indeed  facilitate 
carbon  removal.31  Removal  of  carbon  by  reactions  with  am¬ 
monia  seems  to  occur  more  effectively  under  the  conditions 
of  the  hot-drop  experiment.  Preliminary  results  indicate  that 
the  temperature  employed  in  these  experiments  is  a  critical 
factor  in  determining  the  proportion  of  carbon  in  the  product 
and  that  at  temperatures  above  ca.  650°C  essentially  all  of  the 
carbon  is  eliminated  to  form  Si]N4/AlN  mixtures. 

Ongoing  studies  of  the  gas  phase  and  solid  pyrolysis  prod¬ 
ucts  of  both  processes,  as  a  function  of  temperature,  precur¬ 
sor  system,  and  atmosphere,  should  provide  more  information 
on  the  mechanisms  cf  carbon  removal  and  2//-SiC/AlN  solid 
solution  formation. 

VI.  Conclusions 

Solid  solutions  of  2//-SiC/AIN  can  be  prepared  at  tempera¬ 
tures  less  than  1600°C  by  the  rapid  pyrolysis  (“hot-drop”)  of 
mixtures  of  VPS  or  MPCS  with  [R2A1NH2]j,  where  R  =  Et, 
i-Bu  simply  by  slow  pyrolysis  of  the  precursor  mixture  in  the 
case  of  [Et2AlNH2]j.  In  contrast,  slow  pyrolysis  of  mixtures 
of  VPS  or  MPCS  with  [«-Bu2A1NH2]j  yields  a  composite 
of  2//-AIN  and  3C-SiC  at  1600°C,  which  transforms  into  a 
single  2 //-SiC/AIN  solid  solution  on  heating  to  2000‘C.  This 


Table  III.  TGA  Data  for  SIC/AIN  Solid  Solutions  as  a 
Function  of  Composition 


SiC:  AIN 
ratio 

Yield  (wt%) 

Improvement 
in  yield 

Theoretical 

Calculated  from 
known  yields* 

Experimental 

3:1 

61.4 

24.5 

50.7 

2.07 

9:1 

65.6 

21.3 

33.4 

1.57 

19:1 

67.0 

20.2 

19.7 

None 

’Assuming  quantitative  conversion  of  [EijAlNHiJj  to  AIN  and  a  ceramic 
yield  of  SiC  from  MFCS  of  20%, 


suggests  that  both  the  nature  of  the  precursors  and  the  proc¬ 
essing  conditions  are  significant  in  determining  the  composi¬ 
tion  and  structure  of  the  SiC/AIN  materials.  Finally,  the  use 
of  ammonia  during  the  pyrolysis  processes  assists  in  carbon 
removal. 
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abstract 


A  novel  technique  for  probing  chemical  vapor  deposition  reaction  mechanisms  is 
presented.  A  conventional  hot-wall  Pyrex  reactor  is  coupled  to  a  molecular  beam  apparatus. 
Preliminary  results  of  the  decomposition  of  an  organometallic  precursor  to  AIN. 
[Al(CH3)2NH2]3,  indicate  a  decomposition  temperature  between  200  and  270*C.  The  mass 
spectrum  of  the  precursor  at  100*C  provides  evidence  for  the  existence  of  a  tnmer-dimer 
equilibrium  of  the  precursor  at  this  temperature. 


INTRODUCTION 

Organometallic  chemical  vapor  deposition  (CVD)  has  been  instrumental  in  many  areas, 
including:  materials  science,  metallurgy,  chemistry  and  electronics!  1).  The  experimental 
studies  that  have  been  pursued  for  many  yean  hive  centered  on  properties  of  the  deposited  film 
and  optmnzarioo  of  growth  cooditiotu[2].  Work  has  recently  begun  aimed  at  understanding 
the  chemical  processes  and  mechanisms  which  occur  during  the  film  growth  process  in  a  CVD 
system(3]. 

The  formation  of  solid  materials  by  CVD  involves  a  wide  range  of  chemical  processes, 
taking  place  in  sevenl  regions  of  the  CVD  reactor.  If  the  process  requires  mixing  two  or  more 
reactants,  association  reactions  can  take  place  in  the  gas  phase.  In  all  cases.  if  the  gas  phase  is 
heated  prior  to  encountering  the  surface  on  which  growth  is  to  take  place,  gat  phase  pyrolysis 
or  reactions  on  the  heated  wall  surface  may  occur.  Then  will  certainly  be  surface  reactions  on 
the  growth  surface,  and  there  may  be  further  gas  phase  or  surface  reactions  among  the  primary 
gas  phase  products  in  the  region  beyond  the  growth  surface. 

In  cider  to  characterize  completely  the  chemistry  of  the  CVD  process  it  is  necessary  to  set 
up  systems  in  which  each  of  these  processes  can  be  studied  independently,  so  that  their  impact 
on  the  overall  deposition  process  may  be  assessed.  We  have  begun  a  program  of  study  aimed 
at  this  complete  characterization  process  for  the  case  of  the  deposition  of  refractory  materials 
such  as  Sic.  AIN  and  S13N4,  bom  organometallic  precursors.  In  e>c h  case  the  precursor  has 
been  synthesized  to  contain  both  of  the  elements  10  appear  in  the  final  product.  We  are  thus 
dealing  with  a  single  precursor  system,  and  the  question  of  gas  phase  association  reactions 
does  not  arise.  All  of  die  other  reaction  processes  listed  above,  however,  must  be  accounted 
for. 

We  are  at  present  pursuing  two  lines  of  approach.  In  the  one  case,  we  have  developed  a 
system  which  involves  impinging  the  precursor  on  the  desired  growth  surface  in  an  ultrahigh 
vacuum  system,  which  excludes  gas  phase  reactions.  A  variety  of  surface  science  techniques 
is  used  to  characterize  both  the  chemistry  of  the  growing  film  and  the  gas  phase  reaction 
products.  This  system  separates  the  reaction  process  at  the  growth  surface  from  the  other  gas 
phase  01  ..  *11  surface  reactions. 

The  second  system  under  study  is  essentially  a  hot-wall  CVD  reactor,  with  a  gas  inlet 
system,  coupled  to  a  differentially  pumped  mass  spectrometer.  A  description  of  the  apparatus 
is  included  in  the  experimental  section.  This  system  is  being  used  to  study  gas  phase  pyrolysis 
reactions  and  reactions  on  the  surface  of  the  hot  wall  of  the  reactor,  that  is.  those  processes 
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occurring  prior  to  the  point  u  which  the  precursor  flow  encounters  the  p  owth  surface.  In  this 
paper  we  report  the  initial  results  obtained  using  the  AIN  precursor  [A1(CH3)2NH2]3. 

AIN  has  several  properties  which  make  it  an  attractive  candidate  for  materials 
applications.  It  is  highly  refractory  and  chemically  resistant  It  has  a  large  gap  (6.2eV) 
and  a  high  thermal  conductivity  (3.2W/cmK).  Its  thermal  expansion  coefficient  is  closely 
matched  to  Si.  and  it  is  a  piezoelectric  material,  these  propel  ties  it  an  important  material 

for  Si-baaed  integnsd  circuits,  optoelectronic  devices  ind  surface  acoustic  wave  devices(4). 

The  crganometallic  precursor  to  AIN  is  prepared  according  to  the  following  scheme, 
which  has  previously  been  reported  by  Interim te  and  coworken[3]: 


3  AIMa,  «  3  NH, 


3  H)  NiAIMa, 


•  3  CH4 


H  M 

^  V 


HjCm-AI 


NU— CM, 


'ch," 


The  compound  exists  is  a  cyclic  tnmenc  species  in  the  solid  stasefS]  and  has  a  vapor  pressure 

of  approximately  one  torr  at  70° C.  This  relatively  high  vapor  presiure  makea  it  a  good 
candidate  for  use  as  a  CVD  precursor.  In  fact,  stoichiometric  AIN  thin  films  on  Si  have  hoi 
achieved  with  this  precursor  using  a  hot  wall  reactor  at  temperatures  between  600  and 
800°Q6).  An  Auger  depth  profile  of  these  films  reveals  1  one-to-one  ratio  of  aluminum  to 
nitrogen  and  an  oxygen  concennnon  of  less  than  five  percent!  6], 


EXPERIMENTAL 


The  apparatus  built  in  this  study  is  shown  schematically  in  Figure  1.  It  consuls,  in  short, 
of  the  inlet  half  of  a  hot-wall  CVD  reactor  interfaced  through  a  sampling  system  to  a 
quadruple  mass  spectnxnecr.  The  precursor  is  contained  in  a  heated  stainless  steel  bubbler. 


Figure  1.  Schematic  of  the  CVD  reactor  coupled  »  a  differentially  pumped  mass  spectrometer 
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bees  obtained  which  indicate  the  presence  of  a  tnmer -dimer  equilibrium  in  soiunoo  at  elevated 
temperatures,  with  a  positive  aH  for  the  formation  of  the  dimer  from  the  trimerfT].  Hence,  it 
would  not  be  uatasooahie  to  speculate  that  the  cnctrini  patten  in  Figure  2  is  that  ofttriaer- 


Tabie  I.  Possible  mats  peak  assignments 
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dimer  equilibrium  which  is  shifted  essentially  completely  toward  the  dimer  as  a  result  of 
maintaining  the  practnor  at  100°G 

Figiat  3  is  the  tempesatute  profile  of  the  masa  113  peak  obtained  by  inoeasmg  the 
trfnperanae  of  the  teacmr  from  100*C  to  400*C  overs  period  of  apptoximeteiy  two  hours. 
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Figure  3.  Temperature  profile  of  nut  1 15  peak 
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Decomposition  of  the  precursor  occurs  between  the  tempo  tones  200  end  270*0;  by  400*0  the 
him  113  peak  completely  disappears.  The  mass  57  and  131  peaks  alsotrack  this  tes^ennire 
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Hf»4.  Mcchanisnc  tpaculanon  relating  lo mats  spectral cracking pattern 


profile.  The  implication  of  this  is  that  all  three  species,  mass  57,  113  and  131,  arc  derived 
from  the  same  species  in  the  mass  spectrometer  ion  source.  Given  the  above  information  it  is 
possible  to  offer  Schemes  1  and  2  in  Figure  4  u  mechanistic  speculations  for  the 
decomposition  of  the  precursor  as  it  flows  through  the  heated  Pyrex  tube-  First,  the  precursor 
may  exist  in  rapid  trimer-dimer  equilibrium.  Alternatively,  the  precursor  may  already  begin  » 
decompose  at  100*C  by  releasing  methane  and  generating  a  dimeric  species  is  well  as  a  species 
of  mass  57,  which  is  also  present  in  our  spectrum.  This  mechanism  is  postulated  because 
previous  results  of  Interrante  and  coworfcers(6]  reveal  methane  as  a  by-product  of  the  CVD 
process.  At  the  present  time  a  high  background  signal  it  low  mass  numbers  prevents  us  from 
identifying  whether  or  not  methane  is  one  of  tbe  decottmosiaon  products.  Scheme  2  depicts  a 
decomposition  of  the  dimeric  species  to  AIN  by  way  of  successive  methane  elimination.  It  is 
interesting  that  the  intermediate  species  in  this  pathway  have  misses  which  correspond  to 
those  observed  in  our  spectre  at  various  temperatures.  (Some  proposed  species  may  have 
masses  which  differ  by  one  mass  unit  from  those  observed  u  «  result  of  proton  transfer 
reactions  occurring  after  electron  impact).  Alternatively,  the  peaks  corresponding  to  these 
muses  in  our  spectre  may  result  Grom  the  dimer  by  fragmentation  of  the  corresponding 


molecular  too  in  the  ant  spectrometer.  Efforts  to  distinguish  these  and  other  possible 
decompoahao  pathways  are  currently  in  progress. 


CONCLUSION 


It  has  bees  demonstrated  that  the  coupling  of  a  CVD  reactor  to  a  molecular  beam 
apparatus  provides  a  novel  technique  urth  which  to  elucidate  CVD  mechanisms.  Current 
research  efforts  are  being  directed  toward  the  detailed  study  of  the  tempers nar  dependence  of 
the  trimer-dimer  equilibrium  and  the  role  of  these  species  in  the  CVD  process,  lsotopically 
substituted  analogues  of  the  precursor  have  been  prepared  to  help  determine  the  structure  of  the 
species  which  give  rise  to  the  peaks  observed  in  our  mass  spectra. 

Also,  the  question  still  remains  as  to  whether  any  or  all  of  the  species  observed  during  the 
decomposition  ire  a  result  of  purely  gas  phase  pyrolysis  or  a  result  of  g as  infractions  with  the 
Pyrex  reactor.  In  order  to  adless  this  issue,  it  is  planned  to  repeat  the  above  experiments  with 
the  addition  of  a  flow  of  inert  carrier  gas  through  the  reactor.  Provided  that  laminar  flow 
conditions  are  maintained,  the  inert  gaa  will  inhibit  reaction  of  the  precursor  with  the  surface  of 
the  reactor  walla. 
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Synthesis  and  Structure  of  a  Highly  Branched  Pdycarbosllane 
Derived  from  (Chloromethyl)trichlorosilane 

Chris  K.  WWtmarah  snd  Leonard  V.  Intsnrants* 

Ctmrdttry  PaparSwent  nanaesdasr  Pofytochnte  Inadtum,  Troy.  Now  York  12190 
noooNod  Auguat  29,  1990 


A  highly  branched  hydridopolycarboeilane  has  bora  prepared  by  Grignord  coupling  of  (chloro- 
methyl)trichlorosilane,  followed  by  reduction  with  lithium  aluminum  hydride.  Trapping  studiae  show  that 
tho  initial  stop  in  tho  polymerisation  is  a  nearly  quantitative  formation  of  tho  Grignord  compound  Clr 
SiCH,M*CL  This  Grignord  compound  undergoes  hond-to-toil  (Si-Q  coupling  almost  exdueiveiy,  and  due 
to  its  trifunctional  SiCl,  “tail*,  a  complicated,  branched,  polycarhoeilane  polymer  results,  which  contains 
the  following  structural  units:  StCl,CHi-,  -SititCHt-,  >SiClCHg-,  and  bSiCHf-.  Thechlorapoiycarbosilsne 
undergoes  side  reactions  with  ethar,  leading  to  incorporation  of  small  amounts  of  ethyl  and  ethoxy 
functionality.  During  the  reduction  step  the  ethoxy  groups  are  eliminated,  yielding  a  polymer  with  the 
approximate  formula  (SiHjmEt0.iiCH1]„  which  has  been  characterised  by  ‘H,  °C,  ana 1 "Si  NMR,  IR,  GPC, 
and  elemental  «n«lyw  Thm  polymer  is  of  interest  as  a  precursor  to  near-stoichiometric  silicon  carbide. 


Introduction 

Highly  branched  silicon-containing  polymers  have  been 
previously  reported  in  conjunction  with  studies  on  silicon 
carbide  precursors.  Schilling  et  si1  have  investigated 
several  systems  in  which  various  mixtures  of  Me<jSiCl, 
MejSiClj,  and  HjC— CHSifMeKHj  were  treated  with  po¬ 
tassium,  resulting  in  the  formation  of  complicated, 
branched  polysilanee.  The  branching  was  induced  by  re¬ 
action  of  the  vinyl  groups  with  potassium,  loading  to  for¬ 
mation  of  SiCHfCHSif  units  in  the  polymer.  Baney*has 
prepared  polymers  composed  of  complicated  arrangements 
of  fused  polysilane  rings.  These  polymers  are  prepared 
by  treating  mixtures  of  partially  chlorinated  disilanes  of 
the  general  formula  Ma*_,Cl^u  (x  ■  2-4)  with  Bu«PCl  at 
elevated  temperatures.  Kriner  reported  the  formation  of 
polymeric  byproducts  during  the  "reverse  Grignord*  re¬ 
action  of  (chloromethyl)dichloromethylsilane  employed  to 
prepare  various  cyclic  carbooilone  compounds.  These 


(1)  (s)  SchflHag,  C.  L.  hi  Wesson.  4.  Pi  WlUamt,  T.  C.  J.  Polym. 
Sew .  Ms  Symp.  INS,  70. 121.  (b)  ScUag,  C.  L,  Jr.  V.  8. 4,414,403 
sad  4,4724X1  •  (c)  gsbUMag,  C.  U,  Jn  WHlIsisi,  T.  C.  Potym.  Prt.  Pr. 
ISS4,  IS,  1. 

(2)  <s)  Boner.  R.  R;  OaaL  4.  R;  HJKy,  T.  K.  hupsl  Pnom 
Methods  to  High Trapwtuw  Cwseil ss  Hour.  StL  9m.  IW4, 17, 2SX 
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Baeey,  RRtl.B. 44104X1. 4410, 4X2,  end  4410,  Ml. 
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byproducts  were  presumably  branched  polycar bosilanee 
but  were  not  investigated  in  any  detaiL 

We  report  herein  the  characterization  of  a  novel  poly- 
carboailane  with  a  highly  branched  structure.  Due  to  the 
complex  nature  of  this  polymer,  precise  naming  is  difficult 
The  polymer  isolated  from  the  initial  Grignord  coupling 
reaction  and  its  LiAlH^-reduced  analogue  will  be  referred 
to  as  chloropolycarbooilane  and  hydridopolycorboailone, 
respectively.  The  theoretical  “average*  formulas  for  theee 
polymers  would  be  (SiCl^CHt),  end  [SiHjCHJ*;  however, 
due  to  their  highly  branched  nature  and  side  reactions  with 
the  ether  solvent,  the  actual  structures  are  much  more 
complicated.  The  hydridopolycarboeilane  is  potentially 
useful  as  a  precursor  to  silicon  carbide  ceramics,  as  it  hoe 
nearly  at  1:1  SkC  ratio  and  undergoes  facile  thermal 
erase- linking  reactions  leading  to  high  ceramic  yields. 

Experimental  Section 

General  Procedures.  AO  manipulations  involving  sir-wmitiw 
materials  were  carried  out  in  oven-dried  glassware  by  using 
standard  inert-atmosphere  techniques  4  Solvents  were  distilled 
under  nitrogen  from  appropriate  drying  agents.*  Magnesium 
powder  (No.  SO  mesh)  was  rsground  by  using  a  modified  pepper 


(4)  Shriver,  D.  Pi  Dresden,  M.  A.  Monipuktion  of  Air+nmtiv* 
Compound*,  2nd  ed.;  WDejr  Norn  York.  IMS. 

WOcrdoe,  A  Feet,  B.  A  TV  Cfceeurf'*  Companion;  Wiley:  No* 
York,  1ST7. 
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grinder,  under  nitrogen,  before  use.  Other  commercially  available 
reagents  were  used  as  received,  unless  otherwise  specified.  *H, 
1JC,  and  ®Si  NMR  spectra  were  run  on  a  Varian  XL- 200  spec¬ 
trometer  using  benzene-d«  or  toluene-ds  as  solvents.  Spectra  were 
referenced  to  residual  protons  in  the  solvent,  as  TMS  often  in¬ 
terfered  with  sample  peaks.  IR  spectra  were  taken,  as  neat  films, 
between  salt  plates  on  a  Perkin-Glmer  298  spectrometer.  GC 
analyses  were  performed  on  a  Shimadzu  GC-9A  gas  chromato¬ 
graph  equipped  with  a  Shimadzu  C-R3A  recorder-integrator  unit 
Unless  otherwise  specified,  samples  separated  satisfactorily  by 
using  the  following  parameters:  6-ft  SE-30  column,  100-250  8C 
at  15  “C/min,  INJ  and  TCD  at  275  °C,  He  at  45  cm3/n»in.  El¬ 
emental  analyses  were  carried  out  by  either  Schwarzkopf  Mi- 
croanalytical  Laboratory,  Galbraith  Laboratories  Inc.,  or  LGCO 
Corp. 

Preparation  of  Chloro polycarbosilane.  Dry  ether  (1  L)  and 
30  g  of  magnesium  powder  (1.25  mol)  were  added  to  a  2-L, 
three-neck  flask  equipped  with  a  reflux  condenser,  mechanical 
stirrer,  and  a  nitrogen  inlet  The  reaction  was  started  by  addition 
of  5-10  mL  of  (chloromethyl)trichlorosilane  to  the  flask,  followed 
by  intermittent  heating  with  a  heat-gun  without  stirring.  Once 
the  reaction  was  started,  a  50  *C  water  bath  was  employed.*  The 
remainder  of  the  CljSiCH2Cl  (126  mL,  1.0  mole  total)  was  added 
over  about  8  h  by  using  a  syringe.  After  the  addition  was  complete, 
a  highly  air-sensitive,  dark  brown  solution,  containing  small 
amounts  of  magnesium  chloride  and  excess  magnesium  was  ob¬ 
tained.  This  solution  was  heated  under  reflux  for  3-5  days,  causing 
a  gradual  color  change  to  brownish  yellow  as  large  amounts  of 
MgCI2  precipitated.  Due  to  the  large  volume  of  solid  which 
formed,  addition  of  more  ether  was  required  to  maintain  a  suf¬ 
ficiently  fluid  consistency.  The  ether  solution  of  the  product  was 
removed  by  using  a  cannula  fitted  with  a  gas  diffuser  frit  to 
prevent  clogging.  The  resulting  solution  of  chloropolycarboailane 
was  stripped  of  ether  under  vacuum  with  the  aid  of  the  50  “C 
water  bath.  A  yellow-brown,  moisture-sensitive,  highly  viscous 
oil  was  obtained  in  45-50%  yield  (based  on  an  assumed  ‘average' 
formula  [SiCljCH,],).  IR  (cm1):  2980  (s),  2930  (m),  2900  (m), 
1440  (m),  1385  (m),  1345  (m),  1290  (w),  1260  (m),  1160  (m), 
1100-1030  (vs,  b),  965  (s).  815-755  (vs.  b).  All  NMR  peaks  are 
complex  multiplets  or  broad  [ppm  (relative  integral)]:  lH  0.2-1.5 
(25),  1.9-2.3  (1.0),  3.6-4. 1  (3.6);  “Cj'HI  8-24  (major  portion,  several 
multiplets),  29-33,  56-61;  *Si|‘H|  -20  to  -12.5;  -6  to  +2  (both 
minor),  2-10, 13-28  (both  major).  Anal.  Calcd  for  [SiCljCH2]„: 
C,  10.63;  H,  1.77;  Si,  24.80;  Cl,  62.80.  Calcd  for 
[SiCll7Et)UjOEtauCH2]„  (the  beet  approximation  based  on  NMR 
integration):  C.  16  94;  H.  2.09;  Si,  24.7;  Cl,  53.16;  0, 2.1.  Calcd 
for  [SiCluEtQ.ltOEt0jtCHj]n  (the  best  approximation  based  on 
the  observed  elemental  analyses):  C.  34.7;  H,  4.45;  Si,  27.7;  Cl, 
38.57;  O,  5.54.  Found:  C.  21.90;  H.  4.14;  Si,  22.30;  Cl,  37.34. 

Reduction  of  Chloropolycarboailane.  Typically,  about  0.5 
mol  (56  g)  of  chloropolycarboailane  in  500  mL  of  ether  was 
transferred  to  a  1-L,  three-neck  flask  equipped  with  a  reflux 
condenser,  magnetic  stirrer  and  nitrogen  inlet  and  cooled  to  10 
°C  by  using  an  ice/water  bath.  LiAlH4,  12.3  g  (0.33  mol,  30% 
excess)  suspended  in  200  mL  of  ether  was  added  over  30  min,  via 
cannula  or  syringe,  with  rapid  stirring.  The  resulting  light  gray 
suspension  was  refluxed  overnight  under  nitrogen.  The  large 
excess  of  LiAlH4  was  employed  due  to  uncertainty  in  the  amount 
of  Si— Cl  in  the  polymer. 

Aqueous  Workup  of  Crude  Hydridopolycarboeilane.  In¬ 
itially,  dilute  HC1  (about  3  M)  was  added  dropwise  to  the  rapidly 
stirred  LiAIH4/polymer  slurry  under  nitrogen.  An  oil  bubbler 
allowed  the  byproduct  gases  to  escape.  After  the  reaction  became 
sluggish,  the  remainder  of  about  1  L  of  the  acid  was  poured  in, 
resulting  in  the  dissolution  of  the  lithium  end  aluminum  salts. 
(If  large  amounts  of  unreacted  LIA1H4  are  present,  this  process 
can  be  expedited  by  allowing  the  slurry  to  settle  and  transferring 
the  liquid  portion  to  another  flask  for  hydrolysis.)  The  ether  layer 
was  separated  and  again  washed  with  dilute  HC1,  and  the  ether 
was  stripped  off  to  yield  a  cloudy,  yellow  oil.  This  oil  was  re¬ 
dissolved  in  pentane  to  drive  out  small  amounts  of  emulsified 


(6)  The  onset  of  the  reaction  is  signaled  by  the  formation  of  a  blackish 
coating  on  the  Mg;  the  addition  of  more  than  10%  of  the  Cl|SiCH|Cl 
prior  to  the  initiation  of  a  self-sustaining  reaction  with  the  Mg  should  be 
avoided,  as  a  violent  exotherm  can  result 


water  and  residual  aluminum  complexes.  After  settling,  the 
pentane  solution  was  easily  separated  from  the  residue,  dried, 
and  passed  through  a  0.5-um  syringe  filter,  and  the  solvent  was 
stripped  off.  under  vacuum,  with  warming  to  60  ®C.  A  viscous, 
transparent,  pale  yellow  oil  was  obtained  in  about  85%  yield  (or 
40%  overall,  from  Cl3SiCH2Cl)  on  the  basis  of  the  assumed 
“average"  formula  [SiH2CH2]„  for  the  hydridopolycarboeilane. 
This  polymer  is  not  pyrophoric,  and  appears  to  be  reasonably 
air-stable.7  IR  (cm1):  2950  (m),  2920  (m),  2870  (m),  2140  (vs), 
1450  (w),  1350  <m),  1250  (w).  1040  (s),  1040  (s),  930  (vs),  830  (s), 
760  (vs).  All  NMR  peaks  are  complex  multiplets  or  broad  [ppm 
(relative  integral)]:  ‘H  -0.4  to  -0.05,  -0.05  to  +0.3  [16  (total)], 
0.85-1.15  (3),  1.55-1.8  (1),  3.55-3.85, 3.85-4.1, 4.1-4.3  [13.3  (total)]; 
13Ct'H|  -12  to  +9  (major  portion),  12.5-16, 23-26;  ®Si|‘H|  -66  to 
-53  (4  large  singlets  and  small  multiplets),  -39  to  -26,  -14  to  -8, 
0.0-5  (all  complicated  multiplets);  “Sil'H  coupled)  -73  to  -45 
[several  overlapping  quartets,  about  200  Hz  (other  multiplets 
became  more  complicated)];  “Sil'HI  (DEPT,  multiplicity  =  1.5) 
-66  to  -53,  -14  to  -8  (positive);  -39  to  -26  (negative).  Anal.  Calcd 
for  SiH2CH2  (the  theoretical  ‘average’  formula):  C,  27.27;  H.  9.09: 
Si,  63.63.  Calcd  for  [SiHi  uEto^CHj],,  (the  best  approximation 
from  NMR  integration):  C,  32.3;  H,  9.54;  Si,  58.1.  Calcd  for 
[SiHuEtQ02sCH2]a  (the  best  approximation  from  C  and  H 
analyses):  C,  28.07;  H,  7.36;  Si,  63.9.  Found:  C,  28.26;  H,  7.36; 
Si,  48.71;  Cl,  1.63;  O,  0.02. 

Gel  Permeation  Chromatography  (GPC)  Analysis  of  Hy- 
dridopolycarbosilane.  GPC  of  the  reduced  polymer  was  per¬ 
formed  on  a  Waters  600  solvent  delivery  system,  410  RI  detector, 
and  745  data- processing  unit  Waters  Ultrastyragel  columns  of 
100-,  500- ,  and  10000-A  porosity  were  kept  at  40  °C.  Helium- 
sparged  HPLC  grade  toluene  at  a  flow  rate  of  0.6  mL/min  was 
used  as  the  eluant  Molecular  weights  were  obtained  from  a 
15-point  calibration  curve  by  using  polystyrene  standards  from 
200  to  470000  amu.  A  wide  MW  distribution  of  300  to  about 
50000  amu,  with  the  majority  of  the  polymer  falling  between  300 
and  3000  amu  was  observed.  The  Af„  (750),  Mm  (5200),  and 
polydisperaity  of  6.9  reflect  the  broad  MW  distribution  of  this 
polymer. 

Nonaqueous  Workup  of  Hydridopolycarbosilane.  The 
crude,  reduced  mixture  was  stripped  of  as  much  ether  as  possible 
under  vacuum  with  heating  to  50  SC.  The  resulting  solids  were 
extracted  with  pentane  and  allowed  to  settle,  and  the  clear,  yellow 
pentane  solution  was  transferred  by  cannula  to  remove  the 
polymer  from  the  lithium  and  aluminum  salts.  The  solution 
remained  clear  yellow  during  removal  of  the  solvent  under  vacuum; 
only  a  gradual  increase  in  viscosity  was  observed.  Finally,  an 
extremely  viscous,  yellowish,  air-sensitive  polymer  was  recovered 
in  about  85%  yield.  The  IR  spectrum  of  this  material  was 
identical  with  that  from  the  aqueous  workup,  except  for  two 
additional  peaks:  1930  (w),  670  (w)  cm1,  respectively.  *H  NMR 
(ppm):  C-H  peaks  -0.6  to  +1.2  (broad,  complex);  Si-H  peaks 


(7)  The  hydridopolycarboeilane,  when  left  exposed  to  air  ae  a  film 
between  ash  plates  about  2  h,  thawed  no  significant  changes  on  rerunning 
tbs  IR  spectrum. 

(8)  Petrarch  Systems  Catalog  S-7  (Silicon  Compounds  Register  and 
Review)  1967,  p  176. 

(9)  (a)  Webb,  G.  A,  Ed.  Annual  Rtportt  on  NMR  Spectroscopy, 
Academic  New  York,  1963;  Vol  15,  pp  236-289.  (b)  Harrs,  R  K.;  Mann, 
B.  H.,  Eda.  NMR  and  the  Periodic  Table;  Academic.  New  York.  1978; 
pp  310-334.  (c)  s*+—ml  J.;  Bellama.  J.  M.  In  Determination  of  Organic 
Structure  by  Phyiical  Mtthodr,  Nachod,  E.  C.,  Zuckarman.  J.  J.,  Randall, 
E.  W„  Eds;  Academic  Press  New  York,  1976;  Vol  6,  p  202.  (d)  Harris. 
R  K.;  Kim  bar,  B.  J.  J  Main.  Reton.  1976,  17, 174. 

(10)  (a)  Sihrerstein,  R  M.;  P serif  G.  C,;  Moiril  T.  C.  Spectrometric 
Identification  of  Compound!,  «th  ed.;  WOey:  New  York,  1981.  (b)  Smith, 
A.  L.  Analytic  of  Siliconei;  John  Wiley  k  Sons-  New  York.  1974;  pp 
248-280. 

(11)  Subjecting  a  1:2  mixture  of  MejSiCH|Cl  and  MejSiCl  to  Grignaid 
coupling  conditions  showed  that  the  Grignard  reagent  prefen  to  couple 
with  the  Si— Cl  group  rather  than  the  SiCHjCl  group.  The  compounds 
Me,SiCH|SiMej  and  MejSiCH»CH|SiMej  were  formed  in  a  ratio  of  33: 1 
confirmed  by  GC  and  ’H  NMR  spectroscopy.  Due  to  the  large  amount 
of  -StCl»  groups  present  the  probability  for  bead-bead  coupling  should 
be  even  less  in  the  chloropolycarbosilane.  In  addition,  no  Si-Si  bonded 
compounds  were  observed. 

(12)  (a)  Selin,  T.  G.;  West  R  Tetrahedron  1989, 5, 97.  (b)  Steudei, 
W.;  Gilman  H.  J.  Am.  Chem.  Soc.  1916. 82. 8219.  (c)  Gerval  P  :  Frainnet 
E-,  Lain,  G.;  Moutinee,  F.  Bull.  Soc.  Chim.  Fr.  1974.  7-8  (2).  1548. 
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3.6-3.9,  3.9-4. 1,  4.1-4.3  (3  separate  regions);  2.8:1  integration  ratio 
for  the  C-H  vs  Si-H  regions.  AnaL  Calcd  for  SiHjCHj:  C,  27.27; 

H,  9.09;  Si.  63.63.  Found:  C.  20.88;  H.  5.82;  Si.  34.51;  Al.  6.64. 

Preparation  of  Deuteriopolycarbosilane.  Chloropoly- 

carbosilane  (5.02  g,  0.0444  mol  as  (SiCl2CH2]„)  was  reduced  with 

I. 165  g  of  LiAlD4  (0.0277  mol)  by  using  a  scaled-down  version 
of  the  procedure  employed  for  preparation  of  hydridopoly- 
car  bos  i  lane.  Reduction  was  followed  by  aqueous/  HC1  workup 
as  described  previously.  The  product  was  a  pale  yellow,  viscous 
liquid  similar  to  hydridopolycarbosilane.  IR  (cm1):  2960  (m), 
2920  (m).  2870  (m).  2840  (m),  2120  (vw),  1540  (vs),  1450  (w).  1350 
(m).  1250  (m),  1035  (s).  940  (w),  890  (w).  750-850  (s.  b),  675  (vs). 
‘H  NMR  (ppm,  all  peaks  relatively  broad  singlets):  1.7, 1.05.  -0.4 
to  +0.6. 

Preparation  of  Chloro-  and  Hydridopolycarbosilane  in 
Ether-<fII>.  Chloropolycarbosilane  was  prepared  as  previously 
described  but  on  a  smaller  scale,  with  the  substitution  of  magnetic 
stirring  due  to  the  small  quantities  of  reactants  used.  CljSiCHjCl 
(3  mL)  was  added  dropwise  by  syringe  over  about  1  h  to  5  g  of 
ether-dI0  and  1.05  g  of  Mg  powder.  Gentle  heating  was  required 
to  initiate  the  reaction.  When  addition  was  complete  the  resulting 
brownish  solution  was  refluxed  for  3  days  to  complete  the  po¬ 
lymerization.  The  ether  was  removed  under  vacuum,  and  the 
resulting  solids  were  extracted  with  about  20  mL  of  dry  pentane. 
On  evaporation,  the  chloropolycarbosilane  was  recovered  as  a 
nearly  clear,  viscous,  moisture-sensitive  liquid.  If  the  formula 
[SiCl2CH2]„  is  assumed  for  this  polymer,  a  46.7%  yield  was  ob¬ 
tained.  Hydridopolycarbosilane  was  prepared  from  this  chloro¬ 
polycarbosilane  by  LiAlH4  reduction  followed  by  the  aqueous 
workup  procedure  as  previously  described.  A  nearly  clear,  viscous 
oil  was  obtained  in  87%  yield,  assuming  the  formula  [SiHjCH2]„. 
Chloropolycarbosilane  (ether-dI0):  IR  (cm1)  2960  (m),  2930  (m), 
2875  (w),  2210  (m).  2095  (w).  1450  (w),  1400  (w),  1350  (m),  1265 
(m).  1185  (m).  1110  (sh),  1075  (s).  1045  (sh),  945  (m),  795  (vs): 
‘H  NMR  (ppm)  -0.1  to  +1.8  (complex  multipiet);  *D  NMR  (ppm) 
1.1  (asymetric  singlet),  2.0, 3.6  (all  broad).  Hydridopolycarbosilane 
(ether-d10):  IR  (cm1)  2950  (w),  2920  (m),  2890  (w),  2205  (m),  2140 
(vs),  1350  (m),  1250  (w).  1115  (w).  1050  (vs),  940  (vs).  850  (vs), 
765  (vs);  ‘H  NMR  (ppm)  0.0  (broad),  3.7, 4.1  (broad),  minor  peaks 
at  0.9.  1.35,  4.65,  4.9;  *D  NMR  (ppm)  0.60,  1.1  (2:3  ratio). 

Reduction  of  Solid  Residue  from  Chloropolycarbosilane 
Preparation.  The  residual  solids  from  the  chloropolycarbosilane 
preparation,  after  two  ether  extractions,  were  suspended  in  about 
1  L  of  dry  ether.  The  amount  of  reducible  material  remaining 
in  the  residue  was  unknown,  so  LiAlH4  was  added  until  the 
yellowish  slurry  assumed  a  light  gray  color,  suggesting  excess 
LiAlH,  was  present.  This  slurry  was  allowed  to  reflux  overnight 
The  ‘aqueous  workup’  was  performed  in  the  same  manner  as  that 
for  the  soluble  fraction  of  polymer.  Vigorous  foaming  during  the 
initial  dropwise  addition  of  3  M  HC1  to  the  crude  product  showed 
that  an  excess  of  LiA!H4  was  present.  This  process  recovered 
variable  amounts  of  additional  hydridopolycarbosilane  corre¬ 
sponding  to  10-25%  of  the  theoretical  yield.  The  IR  and  NMR 
of  this  product  was  similar  to  that  from  the  soluble  fractions  of 
the  chloropolycarbosilane.  GPC  was  also  quite  similar,  the  ma¬ 
jority  of  the  polymer  falling  between  400  and  3400  amu,  with  Afa 
-  681. 

Trapping  of  Chlorocarbotilane  Oligomers  as  Methozy 
Derivatives.  (Chloromethyl)trichloroeilane  (0.5  mol  63  mL)  was 
added  to  Mg  powder  as  in  the  preparation  of  chloropolycarbo¬ 
silane,  except  that  the  resulting  brown  solution  wss  refluxed  for 
only «/,  h  before  transferring,  by  cannula,  to  well-stirred  cooled 
excess  methanol.  After  the  resulting  white  solids  settled,  a  pale 
yellow  solution  was  separated.  Removal  of  the  excess  methanol 
gave  a  liquid /solid  mixture,  which  was  extracted  with  hexane  and 
distilled  under  N,.  The  major  components  were  identified  as 
(MeOJjSiMe  and  (MeO],SiCHjSi(OMe],CHjCl  by  boiling  point 
and/or  NMR  data.  A  yellow,  oily  liquid,  a  mixture  of  higher 
weight  oligomers,  accounting  for  about  25%  of  the  crude  mixture, 
remained  behind.  (MeO])SiMe:  105-110  *C  (lit  103  *C).‘ 
{MeO)jSiCH]Si(OMe]jCH]&  150-160  *C.  ‘H  NMR  (all  singlets) 
(ppm  (number  of  protons)]:  (MeOjjSiMe  -0.28  (3)  (SiCHj),  3.37 
(9)  (OCH,);  (MeO]jSiCHjSi[OMe]jCHjCl  0.103  (2)  (SiCHjSi), 
2.6  (2)  (CHjCl),  3.42  (15)  (OCH,). 

Preparation  of  Hydridopolycarbosilane  Oligomers.  Using 
0.25  mol  of  Cl|SiCH,Cl  (31.5  mL)  the  initial  brown  solution  was 


prepared  as  before  and  allowed  to  reflux  for  1  h.  The  solution 
was  reduced  by  addition  of  30%  excess  LiAlH4  as  a  suspension 
in  ether  and  allowed  to  stir  overnight  After  aqueous/ HC1  workup 
and  solvent  removal,  about  8  mL  of  light  yellow  liquid  was  re¬ 
covered.  Distillation  of  this  product  under  N,  yielded  only  about 
0.25  mL  of  liquid  before  undergoing  a  rapid  exothermic  croea- 
linldng  reaction,  with  much  gas  evolution,  to  form  a  white  foamlike 
glassy  solid.  The  fraction  obtained  was  found  by  GC  to  be  80% 
one  component  identified  by  NMR  as  HjSiCHjSifHljCHjCL  The 
remaining  20%  consisted  of  several  related  compounds  in 
quantities  too  small  to  separate  and  characterize  in  detail. 
H,SiCHjSi(H]2CHjCl:  75-85  °C;  'H  NMR  [ppm  (number  of 
protons)]:  -0.4  (2)  (SiCH,Si),  sextet;  2.46  (2)  (-CH,C1),  triplet 
3.6  (3)  (-SiH,),  triplet;  3.87  (2)  (-SiH,-),  overlapping  triplet  of 
triplets  (nearly  a  quintet). 

Results  and  Discussion 

Part  I:  Chloropolycarbosilane.  Investigations  of  the 
chloropolycarbosilane  by  NMR  spectroscopy  were  per¬ 
formed  in  order  to  identify  the  functional  units  present. 
In  the  ‘H  NMR  spectrum  (Figure  1A)  a  broad,  complex 
peak  is  seen  near  1  ppm.  This  peak  is  consistent  with  an 
assignment  to  the  protons  of  methylene  units  between 
many  slightly  different  SiCl,  functionalities,  which  are  a 
result  of  the  extensive  branching  of  the  polymer.  The 
corresponding  carbons  for  these  methylene  groups  are 
believed  to  be  the  origin  of  the  several  complex  peaks 
observed  between  8  and  25  ppm  in  the  13C|lH|  NMR 
spectrum  (Figure  2).  Several  groups  of  overlapping  peaks 
are  seen  in  the  range  2-28  ppm  in  the  ®®Si  NMR  spectrum 
(Figure  3).  These  groups  are  attributed  to  >SiCH2-, 
>SiClCH2-,  -SiCl2CH2-,  and  SiCl3CH2-  units  in  the 
polymer.®  Additional  peaks  are  observed  in  the  NMR 
spectra  of  this  polymer,  indicating  that  other  functional 
groups  are  present  as  welL  The  *H  NMR  spectrum  (Figure 
1A)  shows  a  smaller,  broad  peak  at  3.8  ppm,  which  is 
assigned  to  the  -OCH2-  protons  of  ethoxy  groups.  The 
peaks  due  to  the  methyl  protons  for  these  ethoxy  groups 
would  lie  near  1  ppm  and  presumably  are  buried  under 
the  carbosilane  methylene  peak.  *H  NMR  analysis  of  a 
sample  of  the  chloropolycarbosilane  prepared  in  ether-d10 
(Figure  IB)  did  not  exhibit  the  peak  at  3.8  ppm,  and  the 
peak  near  I  ppm  showed  distinct  changes.  In  addition, 
®D  NMR  of  the  same  sample  (Figure  4A)  exhibits  the 
missing  peaks,  demonstrating  that  the  ether  was  the  source 
of  these  ethoxy  groups.  The  asymmetric  shape  of  the  peak 
at  1  ppm  in  Figure  4A  is  attributed  to  Si-Et  groups,  also 
introduced  by  the  reaction  with  the  ether  solvent.  This 
will  be  discussed  in  more  detail  later,  as  the  ethyl  groups 
are  more  easily  seen  in  the  hydridopolycarbosilane  where 
interference  in  the  'H  NMR  spectrum  due  to  -CH,  portion 
of  the  -OEt  groups  is  no  longer  present  The  carbons  from 
the  -OCH2-  of  ethoxy  groups  presumably  give  rise  to  the 
peaks  between  56  and  61  ppm  seen  in  the  1SC  NMR 
spectrum  of  the  chloropolycarbosilane.  The  corresponding 
methyl  carbon  peaks  would  be  buried  under  those  due  to 
Si-CHj-Si  in  the  polymer  chain.  The  *Si  NMR  spectrum 
(Figure  3)  shows  smaller  upfield  multiplets  from  4-2  to  -6 
and  -17.5  to  -20  ppm,  strongly  suggestive  that  oxygen,  in 
addition  to  chlorine,  is  bound  to  silicon.®  In  addition  to 
ShOEt,  these  upfield  peaks  could  result  from  the  presence 
of  Si-Si  bonding  in  the  polymer.  Small  peaks  from  1.9  to 
2.3  and  29  to  33  ppm  in  the  'H  and  13C  NMR  spectra, 
respectively,  have  been  assigned  to  unreacted  chloromethyl 
end  groups  in  this  polymer.  The  infrared  spectrum  of  this 
polymer  shows  medium-intensity  bands  at  1385  and  1160 
cm1,  which  are  consistent  with  CH,C1  groups  on  silicon.10 

The  IR  data  (Figure  5A)  also  support  the  conclusion  that 
ethoxy  substitution  has  occurred  during  the  preparation 
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Figure  1.  Proton  NMR  spectra  of  polycarboeilanes:  chloro- 
polycarboeilane  prepared  in  ether  (A)  and  in  ether-d^  (B);  hy- 
dridopolycarboeilane  prepared  in  ether  (C),  in  ether-d10  (D),  and 
in  ether  but  reduced  with  LiAlD«  (E).  The  aingleta  near  7  ppm 
are  proton*  in  C*D*  solvent  The  fine  structure  in  some  samples 
ia  attributed  to  the  presence  of  oligomera. 

of  the  chloropolycarboeilane.  Peaks  of  medium  intensity 
at  965  and  1160  cm'1  are  consistent  with  the  presence  of 
SiOEt  groups.10  The  strong,  broad  band  between  1000  and 
1120  cm'1  also  can  result  from  Si-OR  functionality  in  ad¬ 
dition  to  the  expected  Si-CHj-Si  carboailane  “backbone" 
units  of  the  polymer.10  The  major  differences  found  in  the 
IR  spectrum  of  the  chloropolycarboeilane  prepared  in 
ether-d,0  (Figure  5B)  were  changes  in,  or  disappearance 
of  certain  peaks  in  the  C-H  region  and  the  appearance  of 
new  C-D  peaks  at  2090  and  2210  cm'1.  Theae  changes  are 
consistent  with  the  presence  of  deuterated  -OEt  and  -Et 
groups  in  the  polymer. 


The  IR,  NMR,  and  other  experimental  results  indicate 
that  the  chloropolycarboeilane  consists  of  the  following 
"units”  randomly  assembled: 


Urwarun* 


CljSiCHj- 
laiT  endunS 


-SiCICHj- 
aingta-bfanchad  uni 

^•SiCHjMgCI 
unreaded  Grignard 
*haad*  and  und 


>SCH, 

>SCH, 

double-branched  unit 

^•SiCHjCI 
cNoramalhyt 
"head*  and  uni 


In  addition,  chlorine  (on  silicon)  in  any  of  these  groups  can 
be  replaced  with  either  -OEt  or  -EL 

The  experimental  results  suggest  that  the  formation  of 
the  chloropolycarboeilane  proceeds  in  the  following  man¬ 
ner.  Due  to  the  complexity  of  the  system,  the  side  reac¬ 
tions  will  be  discussed  separately. 

Slow  addition  of  CljSiCt^Cl  to  refluxing  Mg/ether  was 
found  to  initially  yield  a  dark,  air-sensitive  solution  which, 
on  extended  reflux,  gradually  produced  large  amounts  of 
MgClj  and  a  brownish  yellow,  viscous,  moisture-sensitive 
polymer.  The  initial  dark  solution  was  suspected  to  con¬ 
tain  the  Grignard  reagent,  CljSiCHjMgCl,  and  was  further 
investigated  by  quenching  a  freshly  made  batch  with  excess 
methanol  before  significant  polymerization  had  occurred. 
On  distillation,  the  principal  compound  obtained  (about 
80%  of  the  volatiles)  was  [MeOjjSiMe,  the  expected 
product  from  reaction  of  CljSiCHjMgCl  with  excess 
MeOH.  Smaller  amounts  (about  17%)  of 
[MeO]jSiCHjSi[OMe]jCHjCl  were  recovered.  Compounds 
suggestive  of  head  to  head  coupling,  such  as 
[MeO]jSiCH,CHjSi[OMe]j,  were  not  observed.  No 
[MeO],SiCH,Cl  (from  unreacted  CljSiCHiCl)  was  re¬ 
covered,  suggesting  that  the  reactant  was  either  converted 
to  the  Grignard  reagent,  or  coupled  with  it  to  form  Cls- 
SiCHjSiCljCHjCl  before  the  methanol  was  added.  Pro¬ 
posed  pathways  explaining  the  formation  of  the  observed 
compounds  are  outlined  in  Scheme  I. 

These  results  suggest  that  most  of  the  CljSiCHjCl  is 
quickly  converted  to  the  corresponding  Grignard  reagent 
Some  of  this  Grignard  reagent  couples  with  Si— Cl  of  un¬ 
reacted  CljSiCHjCl  to  form  the  dimeric  intermediate 
compund  CljSiCHjSiCljCHjCL  The  corresponding  re¬ 
duced  compound,  HjSiCHjSiHjCHjCl,  was  recovered  from 
the  LiAlH*  "quench*  of  a  batch  of  the  CljSiCHjMgCl  that 
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Figure  2.  13C|‘H|  NMR  spectrum  of  chloropolycarbosilane. 


PPM 

Figure  3.  *Si|‘H|  NMR  spectrum  of  chloropolycarbosilane. 


had  been  allowed  to  reflux  for  about  1  h  (the  chloromethyl 
group  does  not  reduce  as  easily  as  SiCl).  Any  HjSiCHjCl 
or  H3SiMe  (from  CljSiCHjCl  or  CljSiCH2MgCl,  respec¬ 
tively)  would  have  escaped  as  gases  along  with  the  hy¬ 
drogen  formed  during  the  aqueous  workup  step.  The 
head-to-tail  self-coupling  of  the  Grignard  reagent  (CljSi- 
CHjMgCl)  appears  to  be  relatively  sluggish,  as  most  of  it 
could  be  trapped  with  methanol  to  give  (MeO)jSiMe.  In 
fact,  the  initial  Grignard  solution  must  be  refluxed  for  a 
considerable  time  before  visible  amounts  of  MgClt  are 
formed. 

The  trifunctional  SiClj  ‘tail”,  monofunctional 
-CHjMgCl  ’‘head”,  and  strong  bias  toward  head-to-tail 
coupling11  give  this  polymer  system  several  interesting 
features.  Up  to  three  Grignard  head-end  groups  can  couple 
to  each  SiClj  site  on  the  growing  polymer.  With  the  ad¬ 
dition  of  each  new  monomer,  another  SiClj  site  is  formed. 
Continuation  of  this  process  results  in  a  polymer  exhibiting 


extensive  branching,  limited  only  by  steric  effects.  Due 
to  the  branching,  this  polymer  is  characterized  by  a  rela¬ 
tively  large  number  of  SiClj  ‘tail”  functionalities.  Only 
one  “CHj"  end  group  exists  for  each  polymer  molecule,  as 
all  others  are  employed  in  linking  the  carbosilane  polymer 
together.  If  no  side  reactions  occur,  the  extent  of  branching 
does  not  affect  the  theoretical  2:1  Cl:Si  ratio  for  this 
polymer.  This  theoretical  Cl:Si  ratio  can  be  justified  in 
that  the  monomer  contains  three  chlorine  sites  on  each 
silicon  (-SiClj)  and  one  CHjCl  group  (which  becomes  the 
Grignard  functionality).  If  all  of  the  Grignard  reagent 
couples  with  Si— Cl  groups,  there  will  be  2  equiv  of  Si-Cl 
remaining  regardless  of  the  extent  of  branching.  Brandling 
of  this  polymer  can  be  described  by  the  relationships:  X 
■  T  +  L  +  S  +  D  and  T  ■  2D  +  S  +  1  (where  X  ■  total 
units,  T  ■  ‘tail*  units  (CljSiCHj-),  L  •  ‘linear’  units 
(-SiCljCHj-),  S  ■  ‘single-branched”  units  (>SiClCHt-), 
and  D  ■  ‘double-branched*  units  OSiCHj-).  An  example 
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Figure  4.  *D  NMR  spectra  of  polycar boeilanes  prepared  in 
ether-duy  chloropolycarbosilane  (A)  and  hydridopolycarbosilane 
(B).  A  small  amount  of  C*D»  was  added  to  the  benzene  solvent 
as  an  internal  reference. 


A 


Figures.  IR  spectra  of  polycarboailanea;  chloropolycarbosilane 
prepared  in  ether  (A)  and  in  ether-d,«  (B);  hydridopolycarbosilane 
prepared  in  ether  (C),  in  ether-dI0  (D).  and  in  ether  but  reduced 
with  LiAlD(  (E). 

of  how  the  highly  branched  structure  of  chloropolycarbo¬ 
silane  develops  is  given  in  eq  1.  It  is  important  to  note 
that  this  head-tail  coupling  process  does  not  cause 
cross-linking  of  the  branched  polymer.  For  this  system, 
cross-linking  would  require  species  with  two  head-end 
groups.  Cross-linking  by  direct  formation  of  Si-Si  bonding 


CIjSiCH} 

CIjS(CHjMqCI  —  C^StCHt-SKXHi-SCCHjMga  —~ 

CIjSiCH, 

CIjSiCH, 

CIjSiCHj— SCCHj  CIjSiCH, 

Cl,SjCHr-S)CCHj-SjCtCH7~SiCHjMgCI  —  ISCljCHjJ,'  (1) 
CljSiCHjCIjSiCH}  CHj 
CIjSjCHj&Oj 

by  magnesium  dechlorination  has  not  been  observed,  ex¬ 
cept  in  the  case  of  phenyl-  or  aryl-subetituted  silanes.12 

The  actual  chloropolycarbosilane  system  is  found  to  be 
considerably  more  complex,  as  side  reactions  are  found  to 
occur.  In  addition  to  the  previously  described  groups, 
NMR  and  IR  data  indicate  that  both  Si-OEt  and  Si-Et 
functionalities  are  present  Elemental  analysis  of  chloro- 
polycarboeilane  shows  both  a  low  chlorine  and  high  carbon 
and  hydrogen  content  for  the  expected  “[SiCUCHj],,"  av¬ 
erage  formula.  This  is  consistent  with  ‘H,  13C  and  ^Si 
NMR  and  IR  results,  which  suggest  in  addition  to  SiCl,, 
there  are  significant  amounts  of  Si-OEt  and  Si-Et  func¬ 
tionalities  in  the  chloropolycarbosilane.  Precedent  for  the 
cleavage  of  ethers  by  haloeilanes  to  form  alkoxysilanes  is 
well  established,  having  been  known  for  over  100  years.13 
For  iodosilanes  the  reaction  is  often  quantitative.14 
Chlorosilanes  are  less  active,  but  react  similarly,15  more¬ 
over,  the  extended  reflux  employed  to  effect  coupling  of 
the  Grignard  reagent  would  be  expected  to  increase  the 
extent  of  ether  cleavage. 

The  formation  of  the  Si-Et  functionality  is  less  obvious, 
it  appears  to  originate  from  magnesium  reacting  with  EtCl, 
a  product  of  the  side  reactions,15  to  form  ethyl  magnesium 
chloride,  which  couples  with  the  Si-Cl  functionality  to 
form  SiEt  groups.  These  ethyl  groups  were  shown  to  or¬ 
iginate  from  the  diethyl  ether  used  as  solvent.  When 
chloropolycarbosilane  is  prepared  by  using  Etfi-dl0  during 
the  Grignard  coupling  step,  the  incorporation  of  SiEt-ds, 
(and  OEt-dj)  groups  occurs.  When  the  polymer  is  reduced, 
the  usual  ’‘ethyl"  peaks  are  not  seen  in  the  proton  in  the 
proton  NMR  spectra.  These  ethyl  groups  can  be  seen  in 
the  *D  NMR  of  the  same  sample,  confirming  the  previous 
observation.  These  side  reactions  are  outlined  in  eqs  2-4. 

Si-Cl  +  EtjO  —  Si-OEt  +  Et-Cl  (2) 

Et-Cl  +  Mg/EtjO  —  Et-MgCl/EtjO  (3) 
Et-MgCl/EtjO  +  Si-Cl  —  Si-Et  +  MgCl,  (4) 

It  is  difficult  to  propose  an  exact  formula  for  the  chlo¬ 
ropolycarbosilane  due  to  its  complexity.  Factors  such  as 
the  rate  of  addition  of  CljSiCHjCl,  concentration,  tem¬ 
perature,  and  length  of  reflux  may  have  significant  effects 
on  the  degree  of  branching,  molecular  weight,  and  sto- 
chiometry  of  this  polymer.  However,  the  "average"  formula 
appears  to  be  (SiCluOEt^jEto.wCH,],.  This  formula 
represents  the  best  agreement  between  'H,  1SC  and  ®Si 
NMR  and  IR  spectra  and  literature  precedent  If  the 
elemental  analysis  data  are  given  priority,  a  consid¬ 
erably  different  formula,  corresponding  approximately  to 
[SiQL1EtttUOEt0J,CHJw  is  obtained.  In  order  to  estimate 
this  formula  for  the  chloropolycarboailane,  it  was  presumed 


(13)  Friadal,  C.  Bar.  Dtch.  Chem.  Cm.  1671, 5,  327. 

(14)  (a)  June.  M.  E.;  LytUr,  M.  A.  J.  Org.  Chem.  1*77, 42,  3761.  (b) 
Kaiaan,  E.;  Pam,  D.  j.  Org.  Chem.  1*17, 53,  4646. 

(16)  (a)  Kipp  kite,  F.  S.;  Murray,  A.  G.  J  Chem.  Sot.  1137,  3736.  (b) 
Schwarts,  R;  Kuchin,  W.  Chem.  Ber.  1*66,  89, 11  (c)  Kibbal,  H.  U.; 
Schott  G.  Z.  Anorg.  Altg.  Chem,  1*68. 363, 81. 
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Table  I.  'H,  "C,  and  “Si  NMR  Chemical  Shift  Valuaa 
(ppm)  tor  the  Soria*  [M>jSiCH|]1SlHt-,  (a  •  1-4)IT> 


compd  (R  * 

MejSiCHj-) 

RSiHj 

RjSiH, 

RjSiH 

R4Si 

SiCHjSi 

-0.40 

•H  NMR 
-0.26 

-0.19 

-0.11 

Si-Me 

0.02 

0.07 

0.10 

0.14 

Si-H 

3.70 

4.05 

4.29 

SiCH]Si 

-8.86 

13C  NMR 
-1.25 

3.39 

8.58 

Si-Me 

-0.235 

0.906 

1.15 

1.65 

Si-H 

-65.1 

“Si  NMR 
-38.7 

-17.3 

14.5 

Si-Me 

1.81 

1.13 

0.66 

-0.54 

that  the  C,  H,  and  Cl  analyses  were  reasonably  accurate. 
The  silicon  analysis  was  not  employed  for  this  estimation 
as  it  was  found  to  be  very  low  for  all  of  the  compounds 
studied.16  The  formula  obtained  from  elemental  analysis 
is  considered  to  be  less  reliable  in  that  it  suggests  a  large 
amount  of  Si-Si  bonding,  which  in  not  supported  by  lit¬ 
erature  precedent.12  It  also  assumes  that  the  C,  H,  and 
Cl  analyses  of  the  carbosilane  are  accurate,  which  is  not 
justified  by  prior  observations  on  analogous  systems.16 

The  molecular  weight  of  the  chloro polycar bosilane  was 
not  determined  by  GPC,  as  even  traces  of  water  in  the 
solvent  required  would  cause  cross-linking,  seriously  af¬ 
fecting  the  results.  The  MW  of  this  polymer  can  be  in¬ 
directly  estimated  from  the  GPC  of  the  hydridopoly- 
carboeilane,  which  is  not  highly  moisture-sensitive.  This 
value  was  found  to  be  about  15.4  units  (vide  infra),  cor¬ 
responding  to  a  molecular  weight  of  about  1700  amu,  if  the 
“average"  repeat  unit,  [SiClj.7OEto.uEto.wCH2],  for  the 
chloropolycarbosilane  is  accurate. 

Part  II:  Hydridopolycarbosilane  (from  Aqueous 
Workup).  The  IR  spectrum  of  the  hydridopolycarbosilane 
(Figure  5C)  is  consistent  with  the  proposed  highly 
branched  structure:  [SiHxCH2]„  (where  x  *  0-3).  Strong 
peaks  at  2140, 930, 830,  and  760  cm'1  confirm  the  presence 
of  SiH,  SiHj,  and  SiH3  groups.10  The  disappearance  of  the 
peaks  at  1160  and  960  cm'1  and  the  narrowing  of  the  band 
near  1060  cm'1  are  consistent  with  the  reduction  of  Si-OR 
groups  to  Si-H.  The  absence  of  the  characteristic  peak 
for  SiCH2CH2Si  between  1120  and  1180  cm'1  indicates  that 
little  or  no  head-to-head  coupling  has  occurred.10 

The  *H  NMR  spectrum  of  the  hydridopolycarbosilane 
(Figure  1C)  consists  of  complex  multiplets  and  broad 
peaks,  as  expected  on  the  basis  of  its  highly  branched 
structure.  The  two  groups  of  peaks  centered  at  -0.2  and 
0.15  ppm  are  attributed  to  the  various  SiCH2Si  environ¬ 
ments  and  the  SiCH2-  (of  the  Si-Et)  functionality.10*17 
Any  Si-Me  functionality  in  the  polymer  from  reduced 
CH2C1  end  groups  would  also  appear  in  this  region.  The 
peak  near  1  ppm  is  consistent  with  the  “-CHS"  protons  of 
ethyl  groups  on  silicon.  Residual  chloromethyl  function¬ 
alities  not  reduced  by  LiAlH<  treatment  appear  as  a  peak 
of  1.65  ppm.  This  peak  underwent  a  small  upfield  shift 
when  the  polymer  was  reduced,  as  would  be  expected  for 
the  replacement  of  the  electron-withdrawing  chlorine  at- 


(16)  (•)  Bacqu*.  E.;  Pillot,  L  P-;  Birot,  M.;  DunoguSa,  J.  Macromols- 
e ulii  IMS.  21,  30.  PaUi,  S..  Rappoport,  Z.,  Ed*.  Tht  Chemistry  of 
Organic  Silicon  Compounds-,  Wiley:  Now  York,  IMP;  Chapter  &  (e)  Wu. 
H.  J.;  Intermit*,  L.  V.  Cham.  Mater.  IMS,  1,  S64. 

(17)  (a)  Frits,  0.;  Maas,  J.;  Homing,  A.  Z.  Anorg.  AUg-  Chem.  IMS, 
400,  US.  <b)  Frits,  G.;  Gets,  N.  Z.  Anorg.  AUg .  Cham.  ItTS,  370. 171.  (c) 
Frits,  G.;  Groba,  J.;  Kummar,  D.  Ado.  Inerg.  Chem.  Rediochsm.  IMS,  7, 
349.  (d)  Mts,  0.;  Buhl,  H.  3.;  Kummar,  O.  Z.  Anorg.  AUg.  Chom.  1M4, 
337, 166.  (*)  Intermit*,  L  V.;  Whitmarth,  C.  K.,  submitted  for  publi¬ 
cation  in  J.  Organomst.  Chem. 


Figure  6.  13C|IH|  NMR  spectrum  of  hydridopolycarboailane. 

oms  on  silicon  by  hydrogen.  The  three  groups  of  peaks 
at  3.7, 3.95,  and  4.2  ppm  closely  match  the  values  for  the 
SiH3,  SiH2,  and  SiH  groups,  respectively,  in  the  series  of 
compounds  [Me3SiCH2]ISiHi.I  (x  *  1-3)17*  (Table  I). 

It  is  difficult  to  verify  by  proton  NMR  spectroscopy  that 
all  the  Si-OEt  functionalities  in  the  chloropolycarbosilane 
are  eliminated  during  reduction,  as  the  resonances  in  the 
‘H  NMR  spectrum  due  to  Si-H  and  Si-OCH2-  tend  to 
overlap.  The  interference  due  to  the  Si-H  protons  was 
eliminated  by  performing  the  reduction  using  LiAlD4.  The 
‘H  NMR  spectrum  of  the  resulting  deuteriopolycar bosilane 
(Figure  IE)  shows  no  peaks  in  the  3-5  ppm  region,  indi¬ 
cating  that  reduction  of  the  Si-OEt  functionality  in  the 
polymer  is  complete.  The  peaks  near  0.2  and  1.0  ppm,  for 
the  CHa  and  CH3  of  Si-Et,  respectively,  and  the  peak  for 
residual  CHjCl  were  not  affected.  The  infrared  spectrum 
of  the  deutenopolycar bosilane  (Figure  5E)  is  similar  to  that 
for  the  corresponding  hydrido  polymer  except  for  those 
peaks  due  to  Si-H  groups.  The  Si-H  stretching  peak 
normally  found  at  2130  cm1  moved  to  1540;  the  Si-H 
bending  bands  at  940  and  820  moved  to  675  and  below  600 
cm'1,  respectively. 

The  peaks  seen  in  the  proton  NMR  spectrum  of  the 
hydridopolycarbosilane  at  0.15  and  1.0  ppm  were  suspected 
to  be  due  to  ethyl  groups  from  ether  solvent  being  incor¬ 
porated  into  the  polymer  during  the  Grignard  coupling 
procedure.  Proton  NMR  analysis  of  a  sample  of  the 
chloropolycarbosilane  prepared  in  ether-dl0  and  then  re¬ 
duced  with  LiAlH4  (Figure  ID)  showed  that  these  peaks 
nearly  disappeared.16  *D  NMR  analysis  of  this  same 
polymer  sample  (Figure  4B)  shows  these  ethyl  peaks  as 
the  only  deuterated  functionality  present  The  infrared 
spectrum  of  this  polymer  (Figure  5D)  showed  distinct 
changes  in  the  C-H  stretching  region  that  were  consistent 
with  the  proton  NMR  results.  The  Et-ds-substituted 
polymer  shows  new  peaks  at  2205  and  2070  cm1  (due  to 
the  C-D  functionality)  with  corresponding  decreases  in  the 
C-H  peaks  at  2950  and  2850  cm1.  Some  of  the  weaker 
peaks  in  the  C-H  bending  region  near  1400  cm'1  disap¬ 
peared,  presumably  shifting  to  lower  frequency,  where  they 
are  obscured  by  the  strong  Si-CH2-Si  deformation  or  Si-H 
bands. 

The  data  from  the  13C  NMR  spectrum  of  the  reduced 
polymer  (Figure  6)  are  consistent  with  assignments  from 
the  'H  spectra.  Due  to  the  numerous  Si-CHt-Si  envi¬ 
ronments,  the  major  feature  is  a  broad,  complicated 
multipiet  extending  from  -12  to  4-8  ppm.  These  NMR 
chemical  shift  values  are  comparable  to  those  for  the 
“model"  compounds  given  in  Table  I.  A  small  group  of 
peaks  at  25  ppm  is  attributed  to  residual  SiCHjCl  func¬ 
tionality  not  completely  reduced  by  the  L4AIH4.  A  second 
small  group  of  peaks,  near  13  ppm  is  assigned  to  the  *- 
CH3"  carbon  of  ethyl  groups  on  silicon.  The  “CH2"  carbons 


(18)  Slifht  change*  in  th*  SiH  region  ot  this  NMR  spectrum  an  moat 
likaly  du*  to  d  iff  arnica*  in  tb*  dafraa  of  branching  compand  with  other 
batches  rather  than  any  aichange  reaction,  as  no  peaks  wan  seen  in  tba 
Si-H  region  in  tba  *D  NMR  spectrum. 
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Figure  7.  *Si)'Hj  NMR  spectra  of  hydridopolycarbosilane:  (A) 
DEPT  (multiplicity  ”  1.5);  (B)  proton  coupled.  Letters  indicate 
sets  of  quartets  (Vgt-H  **  200  Hz)  arising  from  SiHs  end  groups. 


of  the  Si-Et  groups  are  presumably  buried  under  the  Si- 
CH2-Si  multiplet  Peaks  observed  near  60  ppm  in  the  “C 
NMR  spectrum  of  the  chloropolycarbosilane  (assigned  to 
the  -OCH2-  carbons  of  SiOEt  groups)  are  not  seen  in  the 
reduced  polymer,  again  suggesting  that  the  ethoxy  groups 
are  eliminated  during  reduction. 

The  decoupled  “Si  DEPT  NMR  spectrum  (multiplicity 
of  1.5)  of  the  hydridopolycarboailane  (Figure  7  A)  shows 
that  the  groups  of  peaks  between  -8  and  -14  ppm  and 
several  resolved  singlets  ranging  from  -53  to  -66  ppm  have 
odd  numbers  of  hydrogens,  whereas  those  between  -26  and 
-39  have  an  even  number.  This  is  consistent  with  as¬ 
signments  as  >SiHCH2~,  SiH3CH2-,  and  -SiH2CH2- 
polymer  functionalities,  respectively,  using  information 
from  the  NMR  spectra  of  the  model  compounds17*  (Table 
I).  The  complexity  of  these  NMR  spectra  reflects  the 
branched  structure  of  the  polymer.  The  >SiCH2-  units 
do  not  appear  on  this  NMR  spectrum,  as  only  silicons 
bearing  hydrogens  respond  under  these  conditions.  The 
coupled  “Si  NMR  spectrum  (Figure  7B)  shows  several 
clearly  discernible,  overlapping  quartets  with  typical  Si-H 
coupling  constants  of  about  200  Hz.  The  coupled  “Si 
NMR  spectrum  gives  little  information  about  the  other 
Si-H  functionalities  because  the  peaks  are  so  complicated. 

The  molecular  weight  distribution  by  GPC  of  the  hy¬ 
dridopolycarboailane  (Figure  8)  shows  a  very  broad  MW 
distribution,  with  moat  of  the  polymer  falling  between  450 
and  3000  amu,  but  tailing  off  up  to  50000  amu  to  give  a 
large  polydispersity  value  of  6.95.  The  Af„  for  this  polymer 
is  745,  corresponding  to  about  15.4  repeat  units  as 
SiHiKEto,i5CH2,  the  approximate  formula  suggested  by 
NMR  and  IR  spectroscopy.  The  actual  MW  distribution 
could  be  considerably  different  from  this,  as  this  polymer 
is  not  very  similar  to  the  polystyrene  standards  employed. 

NMR  integration  values  show  the  actual  '‘average" 
formula  for  the  reduced  polymer  to  be  approximately 
(SiHUsEtp,uCH2]n,  about  one  ethyl  group  for  every  seven 
repeat  units.  As  with  the  chloropolycarbosilane,  the  ele¬ 
mental  analyses  disagree;  suggesting  a  formula  closer  to 
(SiHuEtojmCHjL  Due  to  the  problems  in  obtaining  good 
elemental  analyses  on  preceramic  compounds,1*  this  dis¬ 
agreement  is  not  surprising.  Low  hydrogen  content  for  this 
type  of  polymer  could  also  result  from  several  causes,  such 
as  SH21,  Si-Et,  or  Si-OEt  substitution,  in  addition  to  Si-Si 


Organometallics,  Vol.  10,  No.  5,  1991  1343 


LOG  MW  VS  POLYSTYRENE 

Figure  8.  GPC  of  hydridopolycarbosilaiie,  Mn  “  747,  Mw  -  5200 
v»  polystyrene. 


or  Si-O-Si  bonding.  The  presence  of  residual  SI— Cl  groups 
in  the  reduced  polymer  is  unlikely,  due  to  the  reduction 
and  aqueous  workup  procedure.  Indeed,  analysis  of  the 
hydridopolycarbosilane  found  only  1.63%  chlorine,  which 
appears  to  exist  as  residual  chloromethyl  groups  seen  in 
the  proton  NMR  of  the  polymer.  From  the  M„  of  this 
polymer  and  approximate  repeat  unit  weight,  the  chloro¬ 
methyl  end  groups  would  result  in  about  2.6%  chlorine 
content.  The  analysis  of  1.63%  seems  reasonable,  as 
partial  reduction  of  these  groups  is  achieved.  The  presence 
of  oxygen-containing  groups,  such  as  Si-OEt  or  Si-O-Si, 
in  this  polymer  is  rendered  unlikely  by  the  results  of  ox¬ 
ygen  analyses,  which  indicated  only  about  0.2%  oxygen.19 
In  addition,  proton  and  deuterium  NMR  studies  indicated 
complete  reduction  of  the  SiOEt  functionality.  This  is 
consistent  with  previous  observations  that  alkoxy  groups 
on  silicon,  even  when  surrounded  by  bulky  groups,  as  in 
the  case  of  [  1-naphthyl]  jSi-OEt,  are  converted  to  the 
corresponding  silanes  by  LiAlH4  in  high  yield.90  Alkyl- 
substituted  alkoxysilanes  react  similarly.91  It  is  difficult 
to  detect  any  Si-O-Si  in  the  polymer  by  “Si  NMR  spec¬ 
troscopy  as  peaks  due  to  SiH  interfere.  In  addition,  the 
strong  Si-CH2-Si  deformation  band  obscures  the  Si-O-Si 
region  in  the  IR  spectrum  of  this  polymer. 

There  is  little  evidence  to  suggest  Si-Si  bonding  in  the 
hydridopolycarbosilane.  There  is  no  precedent  for  mag¬ 
nesium-induced  Si-Si  bond  formation,  except  for  phenyl- 
(or  aryl-)  substituted  chlorosilanes.19  Previous  wc.x  by 
others29  showed  that  CljSi-SiClj  gave  silane  gas  on  re¬ 
duction  with  excess  LiAlH*.  This  suggests  that  if  any  Si-Si 
bonding  is  present  in  the  chloropolycarbosilane,  it  could 
also  undergo  reduction  to  Si-H.  The  high  solubility  of  the 
reduced  polymer  in  pentane  suggests  that  either  Si-Si 
bonding  does  not  form,  or  that  it  is  eliminated  during 
reduction,  since  formation  of  Si-Si  bonding  during  the 
coupling  reaction  would  lead  to  cross-linking.  The  p rea¬ 


ds)  Oxyftn  analysis  for  this  compound  was  performed  by  LECO, 
values  ranted  from  0.01  to  0.02%  for  three  trial*. 

(20)  Gilman,  H  ;  Brennan,  C.  G.  J.  Am.  Cktm.  So e.  INI,  73,  4640. 

(21)  BmaMue,  H.  J.;  Smyths.  L.E.J.  Cham.  Sot.  ISM.  60S 

(22)  (a)  GutoweU,  R  S.;  Staiakal.  E.  O.  J.  Cham.  Phye.  ISM,  22. 939. 
(b)  F  inholt,  A  &.;  Bond.  A  C.  JrJWUtbach,  K.  E.;  SchMnfer,  H.  I.  J. 
Am.  Cham.  Sot.  1947.  «9.  2092. 


ence  of  Si-Si  bondingin  the  hydridopolycarbosilane  is 
difficult  to  confirm  by  ®Si  NMR  spectroscopy,  as  the  Si-Si 
regions  overlap  with  Si-H  regions. 

The  formation  of  Si-Si  bonding  in  the  reduced  polymer 
(with  loss  of  hydrogen)  after  isolation,  but  prior  to  the 
sample  analysis,  could  account  for  the  low  hydrogen  con¬ 
tent  by  element*,  analysis.  Samples  of  the  reduced 
polymer  have  been  observed  to  gradually  increase  in  vis¬ 
cosity,  eventually  becoming  rubbery  and  insoluble,  and 
develop  pressure  when  stored  in  sealed  containers  exposed 
to  light  This  is  consistent  with  cross-linking  through  Si-Si 
bond  formation  and  hydrogen  loss. 

The  ethyl  groups,  as  expected,  are  not  affected  by  the 
reduction  and  remain  in  the  hydridopolycarbosilane. 
Residual  Grignard  end  groups  in  the  chloropolycarbosilane, 
if  any,  would  be  converted  to  a  magnesium  Aluminum 
hydride  complex  during  the  reduction.23  Subsequent 
aqueous  acid  workup  would  result  in  the  corresponding 
hydrocarbon  end  group,  as  shown  in  reactions  5  and  6. 


>SiCH2MgCl  +  LiAlH4/EtjO  — 

>SiCH2MgAlH4  +  LiCl  (5) 


i  HCl/HjO 


>SiCH2MgAlH4 - 

>SiMe  +  MgCl2  +  H2  +  Al3*  +  Cl*  (6) 

Part  III:  Hydridopolycarbosilane  (from  Nonaque- 
ous  Workup).  The  polymeric  products  from  the  nona- 
queous  workup  are  tacky,  yellow  solids  which,  unlike  those 
prepared  by  aqueous  workup,  rapidly  develop  a  whitish 


(23)  Gaylord.  N.  G.  Reduction  With  Complex  Metal  Hydrider,  In- 
tarscianca:  New  York.  19S6;  p  70. 


coating  on  exposure  to  air.  The  IR  spectrum  of  this 
polymer  is  similar  to  that  from  the  aqueous  workup,  except 
for  two  additional  peaks  at  1930  and  670  cm1.  These 
peaks,  in  addition  to  elemental  analysis  showing  6.64% 
aluminum,  suggest  that  residual  Al-H,  functionality  is 
present.24  LiAlH4  itself  is  insoluble  in  the  pentane  used 
to  extract  the  polymer  from  the  residue  and  therefore  not 
likely  to  be  a  contaminant.  Furthermore,  the  polymer  had 
a  transparent  yellow  color  with  no  sign  of  suspended 
solid.25 

The  lH  NMR  spectrum  of  this  polymer  contains  a 
broad,  complex  peak  between  -0.6  and  +1.5  ppm,  on  which 
is  superimposed  a  narrower  peak  between  0.8  and  1.1  ppm. 
The  Si-H  peaks  are  similar  to  those  of  the  polymer  derived 
from  the  aqueous  workup,  appearing  at  3.6-3.9,  3.9-4. 1, 
and  4. 1-4.3  ppm.  Their  integration  ratio  with  respect  to 
the  Si-CH^i  protons  is  considerably  below  the  approxi¬ 
mately  1:1  ratio  seen  for  the  polymer  derived  from  the 
aqueous  workup.  Difficulty  in  separating  byproducts  of 
LiAlI^  reductions  of  polymeric  halosilanes  by  nonaqueous 
methods  has  been  previously  observed.16* 
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(24)  These  peaks  are  observed  when  the  IR  spectrum  of  LiAlH*  was 
run  in  NujoL 

(25)  The  possibility  of  a  colloidal  suspension  of  the  LiAlH,  in  the 
polymer  cannot  be  excluded. 
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Rensselaer  Polytechnic  Institute, 

Troy,  HY  12180-3590. 


ABST1ACT 


A  commercial  vinylic  polyallano  haa  boon  uaad  to  obtain  both  SIC 
and  Sl.^  by  pyrolyala  In  Ng  and  NHj,  raapactlvaly.  Tha  polymer- to- 

ceramic  convaralon  procaaa  was  studied  by  CPC,  TGA/DTA,  elemental 
analyaaa,  FTIR,  aolld  atata  NMR  (Tl,  XSC  and  si),  XRD,  BET  surface 
araa  measurements ,  and  analysis  of  tha  gaseous  decomposition  products, 
providing  a  detailed  picture  of  tha  cross-linking  process  and  the 
evolution  of  tha  ceramic  products. 

In  pursuit  of  alternative  precursors  to  SIC  and  SijN^,  a  novel 

branched  polycarbos liana  of  tha  approximate  composition  [SlHg^Ee^CHj] 

(where  x  -  0.15)  was  obtained  by  tha  Grignard  coupling  of 
chloroaathyltrlchlorosilana  followed  by  reduction  with  LiAlH^ ;  cleavage 

of  dlethylether  by  the  chlorosllane  was  identified  as  the  source  of  the 
ethyl  groups  in  tha  final  hydrldopolycarbosllane.  This  polycajbo* liana 
yields  partially  crystalline  SIC  ceramic  on  pyrolysis  to  1000  C  In  Ng. 

Annealing  of  this  product  at  1400-1600  °C  results  In  further 
crystallization  of  0-S1C.  Preliminary  studies  of  tha  polymer-to-ceramlc 
conversion  process  in  Ng  by  GPC,  TCA ,  FTIR  and  NMR  methods  Indicate  that 

cross-linking  occurs  by  Hg  elimination  and  Si-Si  bond  formation  and  that 

die  1000  *C  product  has  a  much  lower  proportion  of  free  carbon  than  the 
corresponding  cersmle  derived  from  the  vinylic  polysilane. 

1.  INTRODUCTION 

A  wide  range  of  organosillcon  polymers  have  been  studied  over  the 
last  IS  years  as  potential  precursors  to  SIC  (1).  Several  of  these 
systems  have  found  commercial  use  as  sources  of  SIC  fibers  and  as 
ceramic  binders.  A  common  feature  of  these  precursors  is  that  they 
generally  contain  a  higher  proportion  of  carbon  to  silicon  than  Is 
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demanded  by  the  1:1  stoichiometry  of  SIC,  requiring  cho  *1  lain* cion  of 
the  excess  organic  functionality  during  pyrolysis  and  tharaby  lowering 
the  potential  char  yield  of  SIC.  Moreoever,  the  pyrolytic  conversion  of 
such  precursors  to  SIC  is  rarely  accomplished  cleanly,  which  leads  to 
the  incorporation  of  substantial  quantities  of  excess  carbon  In  the 
ceramic  product.  It  has  recently  been  shown  that  some  of  these  same 
organosllicon  polymers  can  be  'used  as  sources  of  Sl^N^  by  carrying  out 

the  pyrolytic  conversion  in  NH^  (2], 

Most  of  the  available  precursors  are  obtained  as  highly  crossllnkad 
polymers  of  uncertain  and  often  variable  structure  and  composition, 
which  causes  difficulties  in  controlling  physical  properties  that  are 
appropriate  for  processing  as  well  as  for  maintaining  a  uniform  and 
consistent  ceramic  composition  and  aicrostructure.  Furthermore, 
pyrolytic  conversions  in  an  inert  atmosphere  or  in  ammonia  were  followed 
by  complete  analysis  of  the  intermediate  and  final  products  in  only  a 
few  cases  [3].  A  detailed  understanding  of  the  relevant  chemical 
processes  involved  in  either  case  is  still  lacking. 

Work  in  our  laboratory  has  been  directed  towards  three  main  goals : 
(1)  the  elucidation  of  the  polymer- to-ceramic  conversion  process  for 
selected  organosllicon  polymers  in  sufficient  detail  to  enable  the 
intelligent  selection  of  both  precursors  and  functionalities  appropriate 
to  particular  processing  objectives;  (2)  the  synthesis  and 
characterization  of  new  precursors  to  SIC  and  Sl^N^;  (3)  the  application 

of  polymeric  precursors  to  the  preparation  of  ceramic  nanocompositas  and 
ultrastructurcs  containing  two  or  more  components  (e.g.,  SIC  and  AlN). 

In  this  paper  we  will  summarize  the  key  results  of  our 
investigation  of  the  polymer- to-ceramic  conversion  process  for  e 
commercial  vinylic  polysilana  and  chan  describe  the  synthesis  of  a  new 
polycarbosllane  and  the  preliminary  results  of  the  study  of  its 
pyrolysis  in  Nj. 

2.  RESULTS  AND  DISCUSSION 

2.1.  STUDIES  OF  THE  PRECURSOR  TO  CERAMIC  CONVERSION  OF  VINYLIC 
POLYSILANE. 

Our  initial  efforts  to  characterize  the  conversion  process  for 
polymeric  organosilanas  have  focused  on  a  detailed  study  of  a  vinylic 
polysilana  (VPS)  (Union  Carbide,  Y- 12044]  (4J.  Baaed  on  our  solution 
and  solid  state  NMR  studies  of  VPS,  an  approximate  composition, 
n(SiMe3)]0  32(Si(CH-CH2)M*]0  35[Si(H)Me]0  lg(SiM*2]0  07[CH2SilU]0  og]n 

was  derived  for  the  sample  chat  we  obtained  from  Union  Carbide.  This 
polymer  has  been  widely  employed  as  a  precursor  to  silicon  carbide 
(ld-e,  4]  and  has  been  used  recently  as  Che  matrix  source  in  SiC/SiC 
ceramic  composites  (3],  VPS  Is  obtained  by  sodium- Induced  coupling  of  a 
mixture  of  chloromethyl- ,  chloromethylhydrido-  and  chloromethylvinyl- 
silanes  [4]  and  is  known  to  give  a  carbon-rich  silicon  carbide  ceramic 


on  pyrolysis  [4b, 6].  Preliminary  studies  of  the  thermosetting  process 
known  to  occur  st  eround  22S  C  hsva  boon  carried  out  by  Lee  and  Hench 
[7]  while  Bowen  and  coworkers  monitored  the  increasing  crystallinity  of 
the  resulting  ceramic  with  increasing  temperature  from  1000  *C  to  2100 
°C  [6].  Solid  solutions  and  composites  of  SIC  and  Si^N^  with  AIN  or  BN 

have  been  prepared  by  copyrolysis  of  VPS  with  organoaluminum  amides  [8a] 
or  a  polymeric  precursor  to  boron  nitride  [8b]. 

We  have  carried  out  studies  on  the  pyrolysis  of  VPS  under  both  Nj 

[9]  and  NH^  [2d, 10]  with  TGA/DTA,  and  have  examined  the  Intermediate  and 

f^lnal  solid  products  by  elemental  analyses,  FTIR,  solid  state  NMR  (hi, 
c  and  Si),  and  XRD,  as  well  as  the  gaseous  products  by  gas 
chromatography,  mass  spectrometry  and  FTIR.  The  main  chemical 
differences  between  the  conversion  of  VPS  under  N^  and  NH^  begin  to 

appear  only  above  ca.  2S0  C,  where  substantial  changes  in  the  nature  of 
the  solid  products  are  seen  by  solid  state  NMR,  IR  and  other  methods. 
The  detected  gaseous  decomposition  products  appear  to  be  basically  the 
same  for  the  two  atmospheres,  consisting  of  trimethys llano  and  lesser 
amounts  of  hydrocarbons  and  other  methylsllanes.  Moreover,  the  general 
shape  of  the  TGA  curves  for  the  pyrolysis  in  Nj  and  NH^  are  quite 

similar  (Figure  1) ,  although  pyrolysis  in  NHj  causes  larger  weight 

losses  from  50-150  °C  and  300-600  °C,  which  results  in  a  15%  lower  char 
yield  chan  in  N^.  The  ceramic  products  obtained  at  1000  C  are 
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Figure  1.  TGA  curves  for  VPS  heated  in  N^  and  NHj  at  a  rate  of  5  C/min. 
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substantially  dlffarent,  consisting  of  C>rlch,  partially  crystallise' 
0-SiC  in  tha  caso  of  Nj  and  assantially  pure,  partially  crystallise1 

a-SijN^  when  NHj  is  used.  In  both  cases  the  polymer  undergoes  extensive 

crosslinking  between  ca.  100  and  250  °C,  resulting  in  the  formation  of  a, 


translucent  glassy  solid.  .  The  chemistry  occur ing  in  this  temperature 


regime  appears  to  be  essentially  Independent  of  the  atmosphere  and  to 


consist  of  both  direct  vinyl  coupling  (presumably  radical  initiated)  and 


hydrosilation,  with  a  greater  proportion  of  direct  vinyl  coupling 


relative  to  hydrosilation.  This  conclusion  was  reached  on  the  basis  of 
solid  state  l3C  and  hi  NMR  measurements  utilizing  the  CRAMPS  technique. 


and  FT1R,  where  a  plot  of  the  ratio  of  the  vinyl  C-H  to  the  Si-H 

stretching  frequency  intensities  vs  temperature  shows  a  sharp  drop  la 
the  same  temperature  region  as  the  observed  solidification  of  the 
polymer  (120-200  °C) .  o 

On  heating  above  300  C  in  N^.  the  yellowish  glesay  solid  was 

transformed  into  a  black  solid  by  600  °C,  resulting  in  a  major  |ractioo 
of  the  overall  35-40  «  weight  lose  observed  by  TGA  to  1000  C.  As 
suggested  by  the  results  of  the  IR,  NMR  studies  and  the  gas  product 
analysis,  the  chemistry  occurring  in  this  region  appears  to  be  quite 
complex,  involving  extensive  homolytic  bond  cleavage  and,  presumably, 
radical  chain  reactions.  Both  the  IR  and  NMR  data  suggest  that 

extensive  methylene  insertion  into  the  Si -Si  bonds  occurs  above  300  C,' 
adding  substantially  to  the  small  amount  of  Si-CHj-Sl  units  initially 

present  in  the  polymer.  A  similar  reaction  has  been  proposed  in  the 
case  of  tne  conversion  of  poly(dimethylallanea)  to  Yajlma’s 
polycarbosllane  [11].  The  major  gaseous  product  (ca.  90%  of  thgv total 
amount)  in  the  region  of  maximal  weight  loss  (300-750  C)  la 

trims thylsilane ,  suggesting  that  extensive  chain  scission,  presumably  by 
homolytic  Si-Si  bond  cleavage,  occurs  during  decomposition  of  the 
polymer.  Significant  amounts  of  to  hydrocarbons  and  Me^  StH4-x  <* 


-1-4)  were  also  observed  among  the  gaseous  products,  indicating  that 
rearrangement  of  H  and  alkyl  groups  on  Si  probably  occurs  as  well  as 
radical  cleavage  and  coupling  reactions.  % 

The  IR  and  NMR  spectra  of  the  solids  Isolated  at  various 
temperatures  during  the  decomposition  show  the  gradual  conversion  of  the 
polymer  to  a  preceramic  SIC.  Thus  the  IR  end  It  CRAMPS  spectra  confirm 
the  decreasing  concentration  of  hydrogen  with  increasing  pyrolysis 
temperature.  The  13C  NMR  demonstrate  the  coalescence  of  the  various 
Si^-Cy  units  to  a  single  peak  representing  the  SiC^  units  in  SIC  and  tha! 

development,  above  400  °C,  of  a  separate  peek  at  lower  field  due  to 
excess  carbon.  Hi  ->  1JC  crosag  polarization  NMR  experiments  Indlcacq 
that  even  after  heating  to  1000  C,  a  significant  hydrogen  concentration 
remains  in  the  ceramic,  which  may  serve  to  complete  bonding  saturation 
around  carbon  and  Si  centers.  Preliminary  ESR  studies  of  the  1000  C 
sample  suggests  that  there  is  also  a  significant  concentration  of  free 
radicals  which  are  probably  associated  with  incompletely  bonded  C  or  Sf 
sices.  Elemental  analysis  indicates  that  the  H  concentration  is  ca.  0.5 
%  and  that  there  is  a  17  %  excess  carbon  than  in  stoichiometric  SiC^  J 
As  was  observed  previously  [6],  further  heating  to  1600-1900  C  u 
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required  to  fully  crystallize  the  SIC.  An  XR2>  pattern  consistent  with 
that  of  partially  crystalline  fl-SIC  was  obtained  for  the  1000  °C  Nj 

pyrolysis  product  of  VPS.  Further  crystallization  occurred  after 

annealling  this  powder  to  1600  C. 

The  aain  differences  in  chemigtry  that  occur  during  pyrolysis  in 
NH^  start  to  appear  above  250  C.  The  graph  of  the  elemental 

compositions  of  the  solids  isolated  after  pyrolysis  in  NH^  for  10  h  at 

Che  indicated  temperature  (Figure  2),  shows  Chat  #  nitrogen  begins  Co 
appear  in  significant  amounts  in  the  solids  at  400  C,  and  by  650  °C  it 
has  virtually  replaced  the  carbon  that  was  present  in  the  original 
polymer.  The  1000  C  product  was  |ound  to  contain  only  1.8  ft  carbon; 
after  annealing  this  solid  at  1600  C  under  Nj  the  analysis  corresponds 

reasonably  well  to  stoichiometric  Si^.  Both  the  1R  and  NMR  spectra 


M 

$ 


VPS  2S0  400  680  1000  1600 


Figure  2.  Elemental  Analyses  for  solids  isolated  during  pyrolysis  of 
VPS  in  NHj  to  1000  C  and  annealed  in  N^  at  1600  C.  Lines  indicate 

theoretical  levels  of  Si  and  N  in  stoichiometric  Sl^N^. 

13  29 

(  C  and  Si)  show  corresponding  changes  in  this  region  that  are 
consistent  with  the  introduction  of  NH^  groups  and  loss  of  C-H 

functionality.  The  solid  state  UC  HAS  NMR  spectrum  of  the  400  °C 
sample  shows  a  broad  peak  cantered  near  5  ppm,  whereas  the  spectra 
obtained  for  Che  650  and  1000  C  samples  show  no  peaks  above  background. 

In  the  <#Si  NMR  spectra,  very  broad  resonances  are  observed  for  the  250 
and  400  C  samples,  suggesting  a  large  number  of  different  Si 
environments.  By  650  C  these  peaks  have  coalesced  into  a  single, 
relatively  sharp  peak  near  >45  ppm,  indicative  of  a  SIN^  environment 

analogous  to  that  in  the  amorphous  and  crystalline  forms  of  Si^N^  [12]. 
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The  1000  °C  product  is  already  partially  crystalline  by  TEH/SAD  and  has 
an  effective  surface  area  of  250  a /gm  based  on  BET  aeasureaents  with  Ng 

adsorption.  This  solid  crystallizes  to  high  purity  e-SijN^  on  heating 

above  1400  °C  with  a  considerable  (90%)  reduction  in  the  surface  area 
(2d). 

The  detailed  nature  of  the  chemical  reactions  occuring  in  the 
presence  of  in  Che  250*650  C  region  reaains  to  be  fully  deterained; 

however,  our  TGA  and  gas  analysis  results  suggest  that  one  of  the  roles 
of  NHj  is  to  facilitate  the  elimination  of  silanes  and  hydrocarbons, 

possibly  by  acting  as  an  efficient  source  of  hydrogen  and  a  radical 
crap.  The  introduction  of  N  presumably  occurs  by  nucleophilic  attack  of 
NH^  species  on  Si,  allowing  elimination  of  the  C- containing  substituents 

as  simple  hydrocarbons. 

2.2.  SYNTHESIS  OF  NEW  POLYCARBOSILANE  PRECURSORS 

Our  efforts  to  synthesize  new  SIC  polymer  precursors  have  focused 
on  the  preparation  of  polycarbosilana  polymers  by  two  main  reaction 
pathways:  (1)  ring  opening  polymerization  (R0P)  of  disllacyclobutanea, 
and  (2)  Grignard  coupling  of  chlorocarbosilanes .  In  the  former  case, 
l,3*dlmethyl*  and  l,3*catramechyl*l,3*diallacyclobutane  were  converted 
to  high  molecular  weight  polycarbosilanes  by  ROP  with  Che  aid  of  a 
platinum  catalyst  [13].  As  was  previously  known  [14],  the  fully 
methylated  polycarbosllane  gave  a  negligible  char  yield  on  pyrolysis  in 
N2:  however,  the  [SiMe(H)CH2]n  polymer  derived  from  Che  dimethyldisila* 

cyclobutane  gave  a  low  yield  of  amorphous  SIC  on  pyrolysis  to  1000  °C, 
which  could  be  Increased  by  increasing  the  molecular  weight  of  the 
polymer  or  by  holding  at  400  °C  to  allow  cross-linking  by  hydrogen 
elimination  and  Si-Si  bond  formation  [13]. 

The  second  approach  to  polycarbosilana  precursors  to  SIC  has 
Involved  the  preparation  of  a  highly  branched  polymer  of  the  approximate 
composition  "SiHjCHj*  by  Grignard  coupling  of  cbloromethyltrlchloro- 

sllane  [CljSlCHjCl]  followed  by  reduction  with  LiAlH^  [15]. 

Mg,  EtjO  1]  LiAlH^/EtjO  (1) 

CljSiCHjCl  - >  -[SiCl2CH2]n-  - ►  -[SiH2CH2ln- 

reflux,  5d  2]  HjO/HCl 

This  process  was  followed  in  detail  by  crapping  Intermediates  with 
methanol,  isolating  low  molecular  weight  reduced  products,  and  by 
carrying  out  selected  modal  reactions  with  monofunctlonal  chloros lianas. 
Reactions  employing  LiAU>4  and  D^-echar  were  also  performed  in  order  to 

characterize  the  various  functional  groups  on  Si  which  were  introduced 
during  che  Grignard  coupling  reaction  and  the  subsequent  reduction.  The 
key  features  of  the  coupling  reaction  are  an  almost  exclusive  occurance 
of  "head- to* call*  coupling  (l.e.,  C  to  Si)  and  extensive  branching  at  Si 
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due  co  the  crlfuctional  nature  of  che  SI  "tall".  The  result  Is  a 
coaplex  arrangement  of  -SiCHj"  -  •SiCHj-  and  -SiCHj-  units,  along  with 

CljSl-  and  -CH^Cl  end  groups.  Due  to  the  propensity  for  *head-to-tail* 

coupling  and  Che  1:1  ratio  of  C  to  Si  atoms,  there  is  little  or  no 
crosslinking;  thus,  che  polymers  are  viscous  oils  which  are  largely 
soluble  in  hydrocarbon  solvents. 

A  further  level  of  complexity  is  introduced  by  che  chlorosilane- 
induced  cleavage  of  the  diethylether  solvent  during  che  course  of  the 
Crignard  coupling  reaction.  This  reaction  is  carried  out  under  ether 
reflux  for  several  days  co  build  up  che  molecular  weight  of  the  polymer. 
Under  these  conditions  che  following  ether •cleavage  reaction  occurs 
[16],  leading  to  che  substitution  of  *OEt  groups  onto  the  Si-Cl  sites 
and  che  formation  of  EtCl. 

-SiCl  +  Ec20  - *•  SiOEt  +  EtCl  (2) 


In  che  presence  of  Mg  this  EtCl  forms  a  Crignard  reagent  which  also 
reacts  with  che  Si-Cl  groups. 

EtCl  +  Mg/EtjO  - *■  EtMgCl/EtgO  (3) 

EtMgCl/EtjO  +  -SiCl  - >  -SiEt  MgClg  EtjO  (4) 

Conclusive  evidence  for  these  reactions  has  been  obtained  from 
*D-NMR  measurements  carried  out  on  the  product  isolated  from  the 
Grignard  reaction  conducted  in  D^q- ether.  Based  on  NMR  integrations, 

che  level  of  -OEt  and  -Et  introduction  into  the  initial  chloropolycarbo- 
silane  was  estimated  to  be  on  the  order  of  one  Et  and  one  OEt  group  per 
13.3  SiCl  sices,  resulting  in  che  following  average  composition  for  this 
polymer,  [SiCl^  ^Etg  . 15OEt0.15CH2^ ’ 

Fortunately,  after  reduction  with  LLAlH^  the  -OEt  groups  are 

efficiently  reduced  along  with  the  remaining  Si-Cl  functionalities, 
leading  to  a  somewhat  less  complicated  and  apparently  oxygen- free 
hydrldopolycarbosllana  with  the  average  formula,  [SiH^ 

Again,  isotopic  labeling  alonL  with  a  full  characterization  of  the 
polycarbosilane  product  by  lH,  C,  and  Si  NMR  (including  Si  DEPT)  and 
IR  spectroscopy  were  used  to  assign  the  average  formula  and  to 
characterize  che  various  structural  units  in  che  polymer.  The 
assignment  of  the  broad  peaks  in  the  NMR  spectra  of  this  polycarbosilane 
was  aided  by  the  synthesis  of  a  series  of  'model  compounds'  of  the  type, 
[Me3SlCH2)xSiH4_x  (x  -  1  -  4),  which  simulated  the  local  environment 

around  Si  in  the  polymer  [17]. 

The  molecular  weight  distribution  of  a  sample  of  this 
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polycarbos liana  vu  determined  by  gel  permeation  chromatography  ualng 
polystyrene  standards.  A  vary  broad  MV  distribution  was  found,  with 
aost  of  tha  polyaar  failing  batwaan  450  and  3000  aau,  but  tailing  off 
gradually  to  80,000  aau  to  giva  a  larga  polydisparsity  valua  of  6.95. 
Tha  Mw  for  this  polyaar  was  745,  corrasponding  to  about  15.4  rapaat 

units  as  SiU^  g5EtQ  ^CHj. 

At  tha  intaraadiata  "chloropolycarbos liana"  staga  tha  polyaar  is 
readily  susceptible  to  structural  aodlflcatlon  through  tha  reaction  of 
tha  Si-Cl  groups  with  Crignard  or  llthiua  reagents.  A  prelialnary 
attaapt  to  add  vinyl  groups  at  this  staga  lad  to  tha  preparation  of  a  10 
%*substltuted  vinylic  hydrldopolycarbos liana  after  reduction  which  was 
found  to  undergo  facile  crosslinking  via  Pt-catalyzad  hydrosllatlon  at 
150  C. 

2.3.  CR0SSLINKINC  AND  PYROLYSIS  OF  THE  POLYMER 

Tha  SIHjCHj  polyaar  was  obtained  froa  these  reactions  as  a  pale 

yellow,  reasonably  air-stabla  oil  which  gradually  solidified  on  standing 
over  several  aonths  with  tha  generation  of  a  gas  (later  identified  as 
H2>  •  This  solidification  process  is  accelerated  by  heating  the  neat 

polyaar  and  proceeds  rapidly  above  about  150*200  °C  (the  rate  of 
solidification  appears  to  depend  aarkedly  on  the  aolecular  weight  of  the 
polyaar,  increasing  with  increasing  aolecular  weight).  Based  on  GPC, 
NMR  and  IR  analysis  of  tha  polyaar  during  solidification,  a  crosslinking 
reaction  involving  elimination  of  Hj  froa  Si*H  and  S1*S1  bond  foraatlon 

was  evidenced. 

Further  heating  to  1000  C  resulted  in  the  foraatlon  of  a  black 
solid  which  was  poorly  crystalline  by  XRD.  Annealing  at  1600  °C  gave 
fi~SLC  as  the  only  crystalline  product.  Efforts  to  obtain  an  accurate 
eleaental  analysis  are  still  in  progress.  However,  as  is  indicated  by 
the  coaparlson  of  the  1  §  NMR  spectra  (Figure  3)  and  the  TGAs  in  air 
(Figure  4)  of  the  1000  C  pyrolysis  products  obtained  froa  the  above 
polycarbos liana  and  the  Union  Carbide  vinylic  polysilane,  the 
polycarbosllane*derived  product  appears  to  have  ouch  less  free  carbon. 
Moreover,  as  is  suggested  by  the  IR  spectra  in  Figure  5  obtained  for  the 
1000  C  powder  before  and  after  reaction  with  oxygen  for  an  extended 
period  at  1200  C,  the  proportion  of  Si*0  groups  in  the  ceramic 
initially  obtained  froa  the  pyrolysis  aust  be  very  low  indeed.  The 
overall  ceraaic  yield  observed  for  this  polycarbosllane  was  found  to 
depend  greatly  on  the  heating  rate  used  in  the  TGA  experiment,  as  well 
as  the  degree  of  polymerization  of  tha  polyaar.  Char  yields  froa  58  to 
76  %  were  observed  for  the  "high  aolecular  weight"  products  at  a  heating 
rate  of  10  C/aln.  Holding  at  temperatures  froa  ea.  80  to  200  °C  to 
effect  crosslinking  resulted  in  improved  char  yields,  with  overall 
weight  losses  froa  Initial  polyaar  to  SIC  ceraaic  of  less  than  20*. 
This  is  close  to  the  theoretical  yield  of  83* ,  assuming  tha  polyaar 
formula  [SIH^  85EtQ  •nd  "SIC”  as  the  product. 


1000  °c  VPS 


Figura  3.  Solid  scat* 
VPS  and  " [StH.CHj ] 
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at  1000  C  InH,. 
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Figure  4.  TGA  (In  air)  of  ctruic  produces  derived  from  VPS  end 
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Figure  5.  IK  spectre  of  ceramic  prepared  from  * (SlHjCH^ ]n*  ee  1000* 
before  end  after  oxidaelon  in  air  ae  1200  C. 
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Based  on  these  observations  ic  la  claar  that  chi  a  polymer  shows 
conaldarabla  proaise  for  uaa  aa  a  SIC  pracuraor.  A  variacy  of  poeancial 
application*  in  cha  araa  of  caraalc  coapoaicaa  and  nanostructures  ara 
currancly  undar  Investigation.  In  addlclon,  our  afforta  to  fully 
characcarlza  cha  pyrolyala  procaaa  and  cha  SIC  produce  ara  continuing 
along  with  furthar  work  on  cha  aynchaala  and  acruccural  modification  of 
cha  polyaar. 
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Synthesis  and  characterization  of  mono-,  bis-,  tris¬ 
and  tetrakis(  trimethylsilylmethyl)silanes: 

( Me3SiCH2)xSiH4__t  (*  =  1-4) 

Chris  K.  Whitmarsh  and  Leonard  V.  Interrante 

Chemistry  Department,  Rensselaer  Polytechnic  Institute,  Troy.  New  York  12180  (USA) 
(Received  March  15th.  1991) 


Abstract 

The  mono-,  bis-,  tns-.  and  (etrakis(tnmethylsilylmethyl)silanes.  (Me3SiCH2),SiH4_,  (jr  -1-4).  have 
been  prepared  for  use  as  "models"  of  the  various  Si-centered  functional  units  in  a  complex,  highly 
branched  polycarbosilane  polymer  of  the  approximate  composition.  “(SiH2CH2  )„".  These  compounds 
have  been  characterized  by  GC.  IR.  'H.  i3C,  2,Si  NMR.  MS.  and  elemental  analysis.  The  IR  and  NMR 
data  for  this  series  of  compounds  show  distinct  trends  on  increasing  substitution,  which  are  related  to  the 
structural  differences  within  the  series. 


Introduction 

We  are  currently  investigating  the  structure  of  highly  branched  carbosilane 
polymers  with  extensive  Si-H  substitution  as  potential  precursors  to  SiC  ceramics 
[1].  Although  there  is  considerable  information  available  on  NMR  spectral  assign¬ 
ments  for  siloxanes,  polysilanes,  and  alkyl/aryl  silanes  [2}.  relatively  little  data 
exists  on  carbosilanes  with  one  or  more  Si-H  groups.  Due  to  the  highly  branched 
nature  of  the  polymers  we  have  obtained  (1),  the  'H.  13C,  and  29Si  NMR  spectra 
consist  of  broad  and/or  highly  complex  groups  of  peaks.  In  order  to  more  fully 
understand  both  the  structure  and  the  polymerization  process  for  this  system,  it  is 
desirable  to  confirm  unambigously  the  NMR  assignments.  For  this  purpose,  we 
have  prepared  a  series  of  compounds  of  the  general  formula:  (Me3SiCH2  ),SiH4  _  x 
(where  x  «  1-4)  for  use  as  “models”  for  the  various  functional  units  present  in  the 
polycarbosilane.  In  the  course  of  the  preparation  of  these  compounds  certain 
modifications  in  existing  synthetic  methodology  were  employed  that  may  have 
general  utility  in  organosilicon  chemistry. 

MejSiCHjSiHj,  was  previously  isolated  by  Fritz,  et  al.  [3-6],  and  more  recently 
has  been  investigated  as  a  CVD  precursor  for  silicon  carbide  films  [7].  Daniels  et  al. 
[8]  employed  Me}SiCH2Br  and  HSiClj  to  prepare  the  dichloro  derivative, 
Me3SiCH2SiHCl2.  Sommer  et  al.  [9]  have  prepared  Me3SiCH2SiCl3  by  substituting 
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SiCI4  for  HSiCI  ,.  Neither  of  these  compounds  were  reduced  to  Me,SiCH;SiH,.  The 
second  compound  of  the  series.  (Me,SiCH:  ),SiH,.  does  not  appear  to  have  been 
previously  prepared,  although  the  denvatives.  (Me,SiCH:  );SiHCl  [8]  and 
(Me,SiCH;)2SiCK  [9],  and  several  related  compounds  have  been  reported  [3-6]. 
One  of  these  compounds.  Me,SiCH:SiH:SiHMe;.  is  sufficiently  similar  that  the 
relevant  1 H  NMR  assignments  are  comparable  [3].  The  remaining  compounds  of  the 
series.  (Me,SiCH:  ),SiH  and  (Me,SiCH,)4Si.  have  been  previously  reported  in 
conjunction  with  studies  on  the  properties  of  silicon  compounds  bearing  bulky 
substituents  [8-10]. 

The  three  previously  known  compounds  of  this  series  were  prepared  30-40  years 
ago.  before  the  advent  of  modern  spectroscopic  methods,  and  in  general,  they  have 
not  been  re-investigated.  For  most  of  these  compounds.  IR.  MS.  and  'H  NMR  data 
do  not  exist;  in  addition,  there  have  been  no  13C  or  2,Si  NMR  studies.  The 
availability  of  the  complete  series  now  permits  a  detailed  analysis  of  the  effect  of 
structural  variations  on  the  NMR  and  IR  spectra. 


Experimental  section 

Solvents  were  distilled  from  appropriate  drying  agents  [11]  immediately  before 
use  whenever  air.  or  moisture-sensitive,  materials  were  involved.  Air-sensitive 
materials  were  manipulated  using  oven  dried  glassware  and  standard  inert  atmo¬ 
sphere  techniques  [12].  Reagents  were  typically  >  97%  pure,  and  were  used  as 
received  unless  otherwise  specified.  Boiling  points  are  uncorrected.  Infrared  spectra 
were  taken  as  films  between  NaCl  plates  on  a  Perkin- Elmer  298  spectrometer  using 
medium  slit  and  12  min.  scan  time.  Gas  chromatograms  were  run  on  a  Shimadzu 
GC9-A  equipped  with  a  CR3-A  recorder-integrator  unit.  Unless  otherwise  specified, 
components  separated  satisfactorily  using  the  following  parameters:  column.  SE-30 
X  6Ft:  INJ.  TCD.  300°C;  oven,  100-250°C  @  15°C/min;  carrier  gas.  He  @  45 
cc/min.  NMR  spectra  were  obtained  on  a  Varian  XL-200  using  C6D6  as  solvent. 
The  sample  concentration  was  approximately  20%.  'H  and  ,3C  NMR  spectra  were 
referenced  to  residual  protons  in  the  solvent,  as  TMS  tended  to  interfere  with  the 
Me- Si  peaks  in  the  samples.  2,Si  NMR  spectra  were  referenced  by  running  a  sample 
of  TMS  and  setting  the  peak  to  0  ppm  immediately  prior  to  running  the  actual 
sample.  Any  slight  drifting  of  this  setting  is  relatively  insignificant  compared  to  the 
2,Si  peak  widths.  Gated  decoupling  was  employed  except  when  coupled  2l>Si  spectra 
were  desired.  The  mass  spectrum  of  MejSiCHjSiHj  was  studied  using  a  Hiden 
Analytical  Ltd.  model  HAL  201  mass  spectrometer  (El,  77  eV)  with  a  modified 
sample  introduction  system  due  to  its  volatility.  In  the  case  of  El  -  MS  only  the 
major  and/or  molecular  ion  peaks  are  listed.  Mass  spectra  of  the  other  compounds 
were  obtained  using  a  Hewlett-Packard  5987 A  GC/MS  system  in  the  direct 
insertion  mode  under  Cl  conditions  (isobutane  or  methane  at  70  eV).  Elemental 
.  talyses  were  performed  by  either  Schwarzkopf  Microanalytical  Laboratory  or 
Galbraith  laboratories. 

Preparation  of  MejSiCH:MgCI 

Me3SiCH2MgCl  was  prepared  essentially  as  in  reference  8.  by  the  reaction  of 
Me,SiCH2Cl  with  #50  mesh  Mg  powder  in  ether  under  nitrogen. 


Preparation  of  mono-,  bis-,  and  tns(trimethylsilytmethyl)silanes 

The  compounds  Me,SiCH2SiH3.  (Me,SiCH;  ),SiH2.  and  (Me,SiCH,  ),SiH  were 
prepared  by  slowly  adding  an  ether  solution  of  0.437  mole  of  Me,SiCH,MgCI 
(based  on  the  amount  of  Me,SiCH:C!  used)  to  a  stirred  solution  containing  15  g 
(0.111  mol)  of  trichlorosilane  in  100  mL  of  ether,  and  allowing  it  to  boil  under 
reflux  overnight  [13* ).  The  resulting  solution  was  found  by  GC  to  contain  a  mixture 
of  the  di*.  and  tn-substituted  compounds,  as  well  as  a  large  amount  of  unreacted 
Grignard  reagent.  Addition  of  excess  trichlorosilane  (25  mL)  and  further  refluxing, 
produced  a  mixture  of  Me,SiCH2SiHCl2.  (Me3SiCH,  ),SiHCl.  and  (Me,SiCH,),- 
SiH.  in  approximately  equal  quantities  by  GC.  The  crude  mixture  was  separated 
from  MgCl;  by  cannula  transfer,  then  stripped  of  solvent  and  excess  HSiCl,.  The 
resulting  mixture  was  redissolved  in  ether  and  reduced  with  1.4  g  (0.037  mole  50% 
excess)  LiA1H4  suspended  in  ether.  After  workup  with  approximately  4  A/  HC1 
(about  750  mL).  the  ether  layer  was  separated  and  the  most  of  the  solvent  removed 
under  vacuum.  Me,SiCH,SiH3  was  distilled  from  this  mixture  under  nitrogen  at 
ambient  pressure.  (Me3SiCH2)2SiH2,  and  (Me,SiCH2)3SiH  were  isolated  by  vacuum 
distillation.  Me,SiCH2SiH ,;  purity:  98.4%  (by  GC),  b.p.  81-84°C  (a  1  ATM.  (Lit. 
90-91°C(7]).  MS  (El,  77  eV);  118  [AT],  117.  103.  73[Me3SC].  59.  45  [CH.SiH,']. 
43  [MeSC.  or  CH2SiH*].  Elemental  analysis  [14*]:  Found:  C.  40.76;  H.  11.66. 
C4H14Si:  calc.:  C.  40.68;  H.  11.86%.  IR  (cm-'):  2950s.  2895m.  2140vs.  1410w. 
1350w,  1250s.  1045vs.  965w,  sh.  940vs.  840vs.  785m.  755m.  695m.  675m. 
<Me3SiCH2)2SiH2;  purity:  94.6%  (by  GC).  B.p.  40-46° C  @  0.5  mmHg.  MS  [DIP. 
Cl.  (isobutane)]  204  [A/],  202  \  M  -  2],  188  [ M  —  16).  Elemental  analysis:  Found:  C. 
47.02;  H,  11.83.  CsH,4Si,  calc.:  C.47.06;  H.  11.77%.  IR  (cm-'):  2950s.  2895m. 
2120s.  1415w.  1 350w.  1245s.  1040s.  995w,  955s,  880m.sh.  835vs.  765s.  690m.  660m. 
(Me,SiCH2  ),SiH;  punty:  91.3%  (by  GC).  b.p.  78-84°C  @  0.5  mmHg.  (Lit. 
110-12°C  @  10  mmHg).  MS  [DIP.  Cl.  (isobutane)]:  290  [A/].  274  [M  -  16]. 
Elemental  analysis:  Found:  C.  48.36;  H,  11.53.  C,,H34Si4  calc.:  C.  49.65;  H. 
11.72%.  IR  (cm’1):  2950vs.  2895m.  2090m.  1405w.  1350w.  1245vs.  1040vs.  995w. 
955vw.  860sh.  830vs.  770vs,  685m.  660m. 

Preparation  of  tns(tnmethylsilvlmethyl)silane  [(Me,SiCH:),SiHJ  using  CuCN  catalyst 
HSiCl  3  (0.25  mole)  was  added,  dropwise.  to  1  mole  of  Me3SiCH2MgCl  in  500 
mL  of  ether  with  rapid  stirring  and  cool  water  bath.  After  the  addition  was 
complete,  the  mixture  was  allowed  to  reflux  for  2  days  during  which  much  MgCl  2 
precipitated.  The  crude  product  was  separated  from  the  MgCl  2  and  found  by  GC  to 
consist  of  a  2:1  ratio  of  (Me3SiCH2)2SiHCl  and  (Me3SiCH2)3SiH.  respectively, 
and  unreacted  Grignard  reagent.  Addition  of  Me3SiCH2MgCl  (0.25  mol),  and 
refluxing  for  1  day,  resulted  in  a  1 : 1  product  ratio  (by  GC).  CuCN  catalyst  [15]  (0  3 
g)  was  added,  the  color  changed  from  pale  yellow  to  black  in  a  few  minutes,  and 
reflux  was  continued  overnight.  GC  of  the  crude  product  showed  almost  quantita¬ 
tive  conversion  to  (Me3SiCH2)3SiH.  Subsequent  aqueous  workup  (as  previously 
described)  and  vacuum  distillation,  gave  the  desired  product  (Me3CH2)3SiH.  in  65% 
yield  (91.3%  purity  by  GC).  IR  and  'H  NMR  spectra  of  this  compound  matched 
those  of  (Me3SiCH2)3SiH  produced  without  use  of  CuCN. 


Reference  number  with  asterisk  indicates  a  note  in  the  list  of  references. 


Preparation  of  tnsftrimethylsily  (methyl)  bromosilane  [(Me  ,SiCH,),SiBrJ 

Preparation  of  (Me,SiCH;),SiBr.  involved  a  variation  on  the  procedure  used  by 
Daniels  and  Post  [8].  A  100  mL  single-neck  flask  with  nitrogen  inlet  was  charged 
with  0.16  mole  (Me,SiCH; ),SiH  and  50  mL  of  dry  benzene.  The  temperature  was 
maintained  at  approximately  10°C  with  a  cool  water  bath.  Bromine  (0.18  mole.  1.1 
eq.)  was  added,  dropwise.  over  about  2  h.  with  stirnng.  The  bromine  was  im¬ 
mediately  decolorized  until  approximately  90%  had  been  added.  An  oil  bubbler 
allowed  the  by-product.  HBr,  to  escape.  After  stirring  overnight  at  20° C.  the 
contents  were  purged  with  nitrogen  to  drive  out  HBr.  excess  Br2,  and  most  of  the 
benzene.  The  product.  (Me3SiCH2)3SiBr.  was  isolated  in  73.2%  yield  (93.2%  pure  by 
GC)  by  vacuum  distillation.  B.p.  89-94°C  @  0.5  mmHg  (Lit.  110°C  @  1.8  mmHg 
(8)).  IR  (cm-1)  2950s.  2895m.  1400w.  1350w,  1245vs.  1060vs.  lOOOw.  835vs.  775vs. 
690m.  665w. 

Conversion  of  (Me ,SiCH:)jSiBr  to  (Me ,SiCH,)4Si 

A  500  mL  3-neck  flask  fitted  with  reflux  condenser  and  nitrogen  atmosphere  was 
charged  with  31.9  g  of  (Me3SiCH2)3SiBr  (0.086  mole).  0.25  mole  of  Me3SiCH2MgCl 
in  300  mL  of  ether,  and  0.3  g  of  CuCN  as  catalyst.  After  4  days  reflux,  the  “aqueous 
workup"  was  performed  as  described  above.  The  crude  product  was  a  mixture  of 
tetrakis(trimethylsilylmethyl)silane  [(Me3SiCH2)4Si]  and  tris(trimethylsilylmethyl) 
silanol  [from  hydrolysis  of  unreacted  (Me3SiCH2)3SiBr],  in  an  approximately  2: 1 
ratio,  respectively  (by  GC).  Repeated  vacuum  distillation  failed  to  give  complete 
separation.  A  60/37%  mixture  (by  GC)  of  (Me3SiCH2)4Si  and  (Me3SiCH2)3SiOH 
was  treated  with  excess  LiAlH4  and  subjected  to  aqueous  workup.  Resulting  in  a 
mixture  of  (Me3SiCH2)3SiH  and  (Me3SiCH2)4Si.  This  mixture  was  separable  by 
vacuum  distillation,  giving  the  desired  compound  (Me3SiCH2)4Si  in  94.7%  purity 
(by  GC).  B.p.  96-97° C  @  0.5  mmHg.  MS  (Cl  methane  DIP):  M.  AT  -  14,  M  -  86. 
M  -  174,  Me3Si  (73).  Elemental  analysis:  Found:  C.  47.90;  H.  11.30.  C^H^S^ 
calc.:  C.  51.06;  H.  11.70%.  IR  (cm-'):  2950s.  2895m.  1405w.  1350w.  1250s.  1055s. 
990w,  835vs.  780s.  690m.  670w. 

Results  and  discussion 


Syntheses 

The  purpose  of  this  study  was  to  more  fully  characterize  the  series  of  compounds 
represented  by  the  general  formula  [Me3SiCH2]_,SiH4_,  (x  =  l-4).  particularly 
with  respect  to  their  NMR  and  IR  spectra.  Although  large  quantities  were  not 
needed,  samples  of  each  member  of  the  series  were  required.  It  was  found  that  a 
modification  to  the  procedure  of  Daniels  and  Post  [8]  produces  the  first  three 
compounds  of  the  series  in  one  preparation  (eq.  1). 


HSiCl3 


Me3SiCH2MgCl 
EljO,  Reflux  * 


( Me3SiCH 2  )2SiHCl  +  (Me3SiCH2  )3SiH  +  excess  Me3SiCH2MgCl 


excess  HSiCl, 
- 


HSiCl  3  +  MejSiCH2SiH3  +  (Me3SiCH2)2SiHCl  +  (Me3SiCH2)3SiH 


1)  Vac.  (-HSiClj.  EtjO) 

2)  EtjO.  LiAIH4  * 

3)  HC1.  HjO 


Me3SiCH2SiH3  +  (Me3SiCH2)2SiH2 


+  ( Me3SiCH  2  )3SiH 


0) 


After  the  initial  reflux,  the  crude  mixture  contained  approximately  equal  quanti¬ 
ties  of  the  di-  and  tn-substituted  compounds  due  to  the  rather  sluggish  formation  of 
(Me,SiCH:),SiH  Addition  of  excess  tnchlorosilane  to  the  reaction  mixture  at  this 
stage  not  only  formed  the  desired  mono-substituted  compound,  but  served  to 
eliminate  any  remaining  Gngnard  reagent  prior  to  the  LiAIH4  reduction.  Unreacted 
tnchlorosilane  was  stripped  off  before  thi  reduction  of  the  crude  products  to  avoid 
the  formation  of  pyrophoric  silane  gas.  Due  to  large  boiling  point  differences,  the 
components  were  easily  separated  after  the  final  workup. 

Using  an  alternative  approach.  (Me,SiCH,  ),SiH  was  prepared  in  high  yield  by 
the  use  of  CuCN  [15]  as  catalyst,  as  shown  in  eq.  2. 

HSiCl 3  (Me,SiCH,  l,SiH  (2) 

3)  H20/HCI 

In  this  case,  the  CuCN  was  not  added  until  the  HSiCl,  had  already  been 
partially  reacted,  as  the  initial  substitution  is  highly  vigorous  and  exothermic.  Even 
with  only  a  single  extraction  (to  isolate  the  crude  products  from  MgCK)  before 
CuCN  addition,  yields  of  65%  were  achieved.  These  results  were  comparable  to 
those  obtained  by  employing  the  more  active  lithium  reagent  Me,SiCH;,Li  (71%). 
and  much  better  than  the  uncatalysed  Grignard  reaction  (18.6%)  [8], 

The  exact  nature  of  the  catalytic  effect  is  not  completely  understood,  but  CuCN 
has  been  reported  to  greatly  increase  the  yield  of  reactions  involving  bulky  Gngnard 
reagents  with  chlorosilanes  [15],  The  use  of  Si-H-containing  chlorostlanes  as  sub¬ 
strates  for  this  catalytic  process  does  not  appear  to  have  been  previously  reported 
Our  results  suggest  that  the  scope  of  the  CuCN-catalysed  reactions  can  be  extended 
to  include  sterically  hindered.  Si-H  bearing  compounds. 

The  compound  (Me,SiCH, ) ,SiH  was  found  to  be  a  convenient  intermediate  in 
the  preparation  of  (Me,SiCH2  )4Si.  The  procedure  is  outlined  in  equations  3  and  4. 

( Me,SiCH,  ),SiH  +  1.1  eq.  Br2  -^-.(Me,SiCH,  ),SiBr  +  HBr  (3) 

1 )  EljO.  reflux. 

[MejSiCH;,  ],SiBr  + excess  Me, SiCHjMgCl  - >  (Mc,SiCH,  )4Si 

+  MgCK  (4) 

The  brominauon  of  (Me,SiCH2  ),SiH.  in  CC14  followed  by  aqueous  ammonium 
hydroxide  workup,  has  been  previously  reported  [8],  however  yields  of  only  about 
20%  were  obtained.  Presumably,  a  large  portion  of  the  product  was  hydrolysed.  It 
was  found  in  this  study  that  using  benzene  as  solvent  and  omitting  the  aqueous 
workup  enabled,  after  purification,  a  yield  of  73.2%  to  be  achieved.  Difficulties  were 
encountered  with  the  final  substitution  step  as,  despite  the  use  of  excess  Gngnard 
reagent.  CuCN  and  an  extended  reflux  period,  the  reaction  did  not  go  to  comple¬ 
tion.  Subsequent  aqueous  workup  formed  (Me,SiCH; ),SiOH  from  the  unreacted 
(Me,SiCH2),SiBr.  Direct  separation  of  this  mixture  by  distillation  was  not  success¬ 
ful,  however,  after  treatment  of  the  crude  mixture  with  LiAlH4  the  stlanol  was 
quantitatively  converted  to  (Me,SiCH;),SiH.  The  boiling  points  of  the  resulting 
mixture  were  now  sufficiently  different  to  give  good  separation  of  the  desired 
compound:  (Me,SiCH;)4Si. 
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Characterization  and  properties 

The  senes  of  compounds.  (Me3SiCH2  )tSiH4_ ,  (where  x  =  1-4).  are  clear,  waters 
liquids.  Even  the  first  member  of  the  senes.  Me3SiCH2SiH3.  is  sufficiently  stable  to 
be  briefly  handled  in  air  without  any  evidence  of  decomposition  or  fuming  [14], 

The  only  compound  of  this  senes  for  which  infrared  spectral  data  has  been 
previously  reported  is  tns(tnmethylsilvlmethyl)silane  [8],  The  IR  spectra  for  this 
series  of  compounds  are  found  to  be  quite  similar,  as  they  are  dominated  by  the 
Me,SiCH  .-based  bands.  The  most  notable  change  is  a  decrease  in  the  relative 
intensity  of  the  Si-H  stretch  vs  C-H  stretch  as  the  number  of  Me3SiCH2-  groups 
increases  from  1  to  3.  due  to  the  considerable  change  in  the  ratio  of  Si-H  to  C-H 
for  the  senes.  This  increased  substitution  is  also  associated  with  a  shift  of  the  Si-H 
siretch  from  2140  to  2090  cm"1.  The  SiH  stretching  and  bending  modes  observed 
for  this  series  of  compounds  are  very  similar  to  published  IR  data  for  the  series 
PhtSiH4_(  (where  x  =  1-3)  [16c]. 

Prior  NMR  studies  of  these  compounds  are  rather  limited.  No  13C  or  :9Si  spectra 
have  been  reported  and  *H  NMR  data  are  incomplete,  although  related  silicon 
compounds  have  been  investigated  {3—6}.  The  proton  NMR  spectrum  of  the 
compound  Me3SiCH2SiH,  has  been  previously  reported  by  others,  however,  there 
are  disagreements  regarding  the  chemical  shift  values.  The  SiH,  group  has  been 
assigned  values  of  4.47  (4).  4.15  [7]  and  3.53  [3]  ppm.  None  of  the  values  agreed  well 
with  our  result  of  3.7  ppm  obtained  using  a  ca  20%  solution  in  C6D6.  Differences  in 
the  chemical  shifts  for  the  methyl  and  methylene  protons  were  also  significant.  A 
solvent  or  concentration  effect  was  suspected  as  multiplicities  and  coupling  con¬ 
stants  were  in  agreement.  Attempts  to  confirm  concentration  effects  were  made  by 
increasing  the  portion  of  Me3SiCH2SiH3  in  C6D6  from  ca  3  to  25^.  The  results 
showed  only  minor  changes  in  the  chemical  shifts  [(SiCH2Si)  —0.44  to  —0.40. 
(SiMe3)  -0.12  to  -0.005,  (SiH3)  3.72  to  3.69.  respectively).  The  magnitude  of  the 
concentration  effect  appears  to  be  too  small  to  to  explain  the  wide  variation  in 
chemical  shifts  reported  for  the  SiH3  group.  In  addition,  minimal  differences  in 
chemical  shift  data  for  the  compound  H2C(SiH3)2  (neat  vs  CC14)  and  for  the 
compound  (Me3StCH2)3SiH  (C6D6  vs  CCl4)  (Table  1)  suggest  that  solvent  effects 
are  not  very  important. 

The  proton  NMR  spectrum  of  (Me3SiCH2)2SiH2  has  not  been  reported;  how¬ 
ever.  the  compound.  Me3SiCH2SiH2CH2SiHMe2,  isolated  in  small  amounts  from 
the  pyrolysis  products  of  trimethylsilane.  gave  very  similar  chemical  shifts  [4]. 
Published  'H  NMR  chemical  shifts  for  (Me3SiCH:  )3SiH  [10)  agree  with  our  results 
within  0.1  ppm  for  all  peaks,  but  the  coupling  constants  were  not  given.  No  prior 
NMR  data  for  (Me3SiCH2)4Si  has  been  reported. 

The  NMR  chemical  shift  and  coupling  constant  data  for  these  compounds  are 
collected  in  Table  1  and  2.  respectively.  Examination  of  the  NMR  data  (Table  1) 
shows  that  the  central  silicon,  the  Si-H,  and  the  methylene  groups  (both  carbons 
and  hydrogens)  in  the  series  of  compounds,  [Me3SiCH2]„SiH4_„,  all  have  signifi¬ 
cant,  progressive,  downfield  shifts  corresponding  to  the  number  of  Me3SiCH2- 
groups.  The  chemical  shifts  in  the  29Si  NMR  spectra  of  the  senes 
(Me3SiCH2),SiH4_,  are  comparable  to  those  of  the  corresponding  methyl  series 
(2a-d)  MetSiH4_,  (which  lack  the  steric  crowding  of  the  Me3Si-  functionalities). 
The  silicon  chemical  shifts  in  these  compounds  move  progressively  downfield  as 
Si-H  is  replaced  with  Me3SiCH2  (or  Me),  presumably  due  to  the  higher  electro- 


Table  ! 


H.  "C.  and  *gSi  NMR  chemical  shift  values  for  the  senes  (Me,SiCH,),SiH4_ ,  (t  =  l-4)  and  some 
related  compounds  " 


Compound/  ref. 

'H 

IJC 

;gs. 

SiCH.Si 

Si -Me 

Si-H 

SiCH.Si 

Si -Me 

Si-H 

Si-Me 

Me,S.CH,SiH, 

This  study 

-0.40 

0.02 

3  70 

-8.86 

-0.235 

-65  1 

1.81 

3<CC14> 

* 

b 

4.47 

* 

h 

h 

h 

4<CCI4'’) 

h 

0.09 

3.53 

b 

b 

b 

b 

7<C.Ps> 

-0.05 

0.15 

4.15 

b 

h 

b 

h 

H.ClSiH,), 

7  (neat.  -  20  °C) 

-0.10 

b 

369 

-21.03 

b 

b 

b 

6  <CCI4.  20%) 

-0.08 

b 

3.63 

b 

b 

b 

h 

H  jSi[CW2S//f,|2 

6<CCI4.  20%) 

-0.03 

3.65 

-  69.04  ' 

b 

<Me,SiCH2)2SiH2 

This  study 
Me^SiC H2St  W,CH 

-0.26 

SiHMe- 

0.076 

4.05 

-  1.25 

0906 

-38.7 

1.13 

4  (CCI4?) 

—  0.17 

0.09 

3.88 

h 

b 

b 

b 

H2Si(CH2  SiH3)2 

6(CCI4.  20%) 

-0.03 

3.95 

-  30.44  ‘ 

h 

(Me2SiCH2),SiH 

This  study 

-0.19 

0  10 

4.29 

3.39 

1.15 

-17.3 

066 

10(CCI4) 

-0.10 

0.02 

4.20 

h 

b 

b 

b 

(Me2SiCH2)4SI 

This  study 

-0.11 

0.14 

8.58 

1.65 

14.5 

-0.54 

"  For  this  study.  NMR  spectra  were  run  in  benzene-dt  (ca  20%).  expected  peak  multiplicities  and 
integration  values  were  seen  in  all  cases.  Conditions  for  spectra  of  compounds  done  by  others  are  given 
when  known.  Nuclei  of  interest  when  not  obvious  are  indicated  in  italics.  h  Not  applicable,  or  not 
reported  in  reference.  ‘  Si  chemical  shifts  for  H2Si(CH2SiH3)2  are  from  ref.  2a.  presumably  run  in  a 
deuterated  solvent. 


negativity  of  carbon  vs  hydrogen.  The  nearly  identical  values  observed  for  the  two 
series  of  compounds,  suggest  that  neither  steric  factors,  not  the  Me3Si-  functionali¬ 
ties,  are  very  important  in  determining  the  29Si  chemical  shifts  for  these  compounds. 
Chemical  shifts  for  the  -SiMe3  groups,  which  are  more  remote  from  the  central 
silicon,  show  only  moderate  downfield  shifts  for  'H.  and  13C.  and  slight  upfield 
shifts  for  2,Si. 

Coupling  constants  obtained  from  the  ’H,  UC,  and  J,Si  NMR  of  these,  and  some 
related  compounds  are  collected  in  Table  2.  The  new  values  obtained  appear  to  be 
consistent  with  the  published  values  for  the  related  compounds.  The  sequential 
replacement  of  Si-H  by  Me3SiCH2-  groups  causes  definite  trends  in  the  coupling 
constants  of  this  series  of  compounds.  The  '/(SiH)  value  decreases  from  194.7  to 
181.1  Hz  as  the  number  of  Me3SiCH2-  groups  increases  from  1  to  3.  The  coupling 
constants  for  the  trimethylsilyl  groups  {'/(CH)  and  V(SiC)]  show  only  small 
decreases  in  value  progressing  from  MejSiCHjSiHj  to  (Me3SiCH2)4Si.  This  is 
consistent  with  the  chemical  shift  data  for  these  groups  (Table  1)  that  show 
relatively  small,  but  systematic,  changes  with  increasing  substitution  of  Me3SiCH2- 
on  Si.  suggesting  that  the  trimethylsilyl  groups  are  only  slightly  affected  by  steric 
crowding.  The  7(CH)  coupling  constants  for  the  methylene  units  show  a  more 
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Table  2 

Coupling  constants  for  the  senes.  |Me-,SiCH;  ]  ,SiH4_  ,  ( x  - 1-4)  and  some  related  compounds J 

Compound/ref  '/(SiH)  'y<H,C)  V(HjC)  'AH,  CSn  V(H,CS<)  VlH.CSi)  !/(HCS.H) 

_______  ~  —  -  ~ 


This  study 

194.7 

118.5 

113.5 

51.25 

42.75 

9.7 

4.6 

3 

ft 

h 

h 

b 

b 

b 

4.4 

4 

h 

h 

ft 

b 

b 

b 

4.5 

7 

ft 

ft 

ft 

b 

b 

b 

4.3 

HC2(SiH3)2 

2c 

195.4 

ft 

118.6 

b 

43.94 

b 

4.7 

H,Si(CH2SiH3)2 

2c  (SiHj) 

1990 

ft 

h 

b 

b 

(HjSiCHj) 

4.5 

(SiH2) 

196.5 

h 

b 

b 

(H2SiCHj) 

4.2 

(Me,SiCH,),SiH: 
This  study 

! 

187.7 

117.6 

112.5 

50.80 

43.35 

8.9 

4.4 

(Me3SiCHj),SiH 

This  study 

181.1 

117.0 

105.0 

50.75 

43.95 

8.6 

3.8 

(MejSiCH2)4Si 

This  study 

117.0 

108 

50.60 

43.30 

8.0 

- 

“  Coupling  constants  were  obtained  from  the  appropnate  NMR  spectra  as  follows;  V(HSiCH).  'H; 
'j(HC).  IJC;  VfCSi).  1 5C { 1 ) .  !/< HSi ),  and  y(HCSi).  2,Si.  *  Not  applicable,  or  not  reported  in  original 
reference. 


pronounced  dependence,  decreasing  from  113.5  to  105.0  Hz  as  the  number  of 
Me3SiCH2  groups  increases  from  1  to  3.  The  corresponding  !/(SiC)  couplings 
undergo  a  slight  increase  from  42.75  to  43.95  Hz.  The  compound  (Me3SiCH2  )4Si 
shows  slightly  anomalous  behavior,  with  values  of  ’j(CH)  of  108  and  V(SiC)  of 
43.30  Hz  respectively.  Values  for  the  V(HCSi)  coupling  ranged  from  9.7  to  8.0  Hz 
as  the  number  of  Me3SiCH2-  groups  increased  from  1  to  4.  Typical  values  for  this 
coupling  range  from  about  6  to  9  Hz  [2c].  The  values  for  the  3/(HSiCH)  couplings  of 
the  series  of  compounds,  (Me3SiCH2)JtSiH4_x.  decreased  from  4.6  to  3.8  Hz  on 
increasing  substitution.  These  values  are  found  to  be  consistent  with  literature  data 
for  related  systems. 

Existing  mass  spectral  data  [5.10]  (El)  and  results  from  this  study  (El  and  Cl) 
suggests  that  for  this  series  of  compounds  the  parent  molecular  ion  becomes  less 
stable  as  the  number  of  MejSiCH2-  groups  increases.  One  possible  explanation  may 
be  that  the  additional  crowding  resulting  from  the  increase  in  the  number  of 
Me3SiCH2-  groups  facilitates  fragmentation  of  the  molecule.  Alternatively,  the 
larger  molecules  may  absorb  energy  more  efficiently  in  the  mass  spectrometer. 
Significant  peaks  at  m/e  M  -  86,  M  -  87  are  seen  in  most  cases  (Cl),  suggesting 
the  loss  of  Me2Si(CH2-)2*.  or  Me3SiCH2-+.  For  (Me3SiCH2)2SiH2,  a  fragment  at 
m/e  M  ~  2  is  observed,  consistent  with  facile  loss  of  the  SiH2  hydrogens.  Com¬ 
pounds  with  several  Si-H  bonds  have  been  found  to  give  complex  groups  of  peaks 
in  the  mass  spectra  by  this  mechanism  [5]. 
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ABSTRACT 

SiC/AIN  solid  solutions  and  nanocomposites  were  prepared  both  by 
pyrolysis  of  single -component  polymeric  precursors  derived  from  the 
reaction  of  cyclotrisilazanes  with  triethylaluminum  and  by  copyrolysis  of 
mixed  organosilicon  and  organoaluminum  precursors.  The  evolution  of  the 
final  crystalline  ceramic  phases  from  the  preceramic  products  of  these 
pyrolyses  was  studied  by  XRD,  TEM/EDS ,  and  solid  state  2?Al  and  13C  magic 
angle  spinning  NMR  spectroscopy,  providing  a  detailed  picture  of  the 
precursor- to-ceramic  conversion  process.  The  results  of  these  studies  are 
discussed  in  the  context  of  the  SiC/AIN  phase  diagram  and  the  chemistry 
occuring  during  the  conversion  process. 

INTRODUCTION 


The  SiC/AIN  system  has  been  the  subject  of  much  interest  and 
investigation  over  at  least  the  past  10  years  [1-11].  This  interest  is  due 
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in  pare  to  the  opportunity  presented  through  solid  solution  formation  to 
modify  the  properties  of  the  component  ceramic  phases  in  particular  wavs; 
for  example,  the  band  gap,  the  thermal  conductivity,  thermal  expansion,  the 
hardness,  the  fracture  toughness  and  the  creep  rate  can  be  varied  in  a 
controlled  manner  [1-6].  But  perhaps  even  more  noteworthy  is  the  prospect 
of  effecting  specific  desired  changes  in  the  microstructure  of  the 
resultant  ceramic  product  relative  to  that  of  the  component  ceramics.  In 
particular,  SiC  occurs  as  various  polytypes  (3C,  2H,  4H,  6H,  etc.)  and 
undergoes  phase  transformations  between  these  polytypes  that  can  lead  to 
exaggerated  grain  growth  on  temperature  cycling.  This  is  believed  to  be 
one  of  the  reasons  for  the  precipitous  losses  in  strength  that  have  been 
observed  for  polymer  precursor-derived  SiC  fibers  above  1400°C  [8],  Unlike 
SiC,  AlN  has  only  one  stable  phase,  which  is  isostructural  and  closely 
lattice  matched  to  the  wurtzite  (hexagonal  2H)  form  of  SiC.  The  addition 
of  as  little  as  1-10  %  AlN  in  hot-pressed  SiC  samples  is  reported  to  reduce 
grain  size  and  improve  microstructural  uniformity  [1-5].  Alloying  AlN  with 
SiC  appears  to  stabilize  the  2H  structure  which  then  resists  structural 
transformation  at  high  temperatures. 

Ruh  and  Zangvil  have  published  a  tentative  phase  diagram  for  the 
S1C/A1N  system  that  suggests  the  existence  of  a  wurtzite- type  2H  solid 
solution  over  a  vide  range  of  temperatures  and  compositions  [7].  At 
temperatures  above  ca.  2100°C,  a  single  2H  solid  solution  phase  exists  from 
about  23  %  AlN  to  100  %  AlN.  At  temperatures  less  chan  ca.  1950°C  and 
compositions  from  ca.  10  to  90  wt%  AlN,  2H  is  the  stable  form;  however,  a 
miscibility  gap  exists,  such  that  SiC-  and  AlN- rich  2H  phases  were 
observed. 

The  use  of  organomecallic  precursors  to  prepare  SiC/AlN  solid 
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solutions  has  received  relatively  little  attention.  A  patent  has  claimed 
the  production  of  such  solid  solutions  by  pyrolysis  of  a  mixture  of  a 
polycarbosilane  and  a  poly(N-alkylaminoalane)  under  an  inert  atmosphere; 
however,  a  detailed  characterization  of  the  products  of  these  reactions  was 
not  reported  nor  was  the  precursor-to-ceramic  conversion  process  studied 
[9].  Paine  and  coworkers  have  evidenced,  by  X-ray  powder  diffraction  and 
infrared  spectroscopy,  the  formation  of  partially  crystalline  2H  SiC/AlN  on 
pyrolysis  of  trimethylsilyl- substituted  aluminum  amide  and  imide  in  vacuo 
at  930°C  [10]  . 

The  use  of  such  organometallic  precursor  routes  in  the  preparation  and 
processing  of  these  ceramic  phases  offers  several  potential  advantages, 
including  the  prospect  for:  1)  improved  control  over  composition,  phase 
distribution  and  homogeneity;  2)  lower  processing  temperatures;  3) 
finer- grained  materials;  and  4)  the  generation  of  useful  final  forms 
through  solution  or  melt  processing.  In  the  particular  case  of  SiC/AlN 
solid  solutions,  the  high  melting  or  infusible  characteristics  of  these 
materials,  along  with  the  attendant  low  solid  state  diffusivities ,  render 
the  production  of  the  solid  solution  phases  extremely  difficult  by  the 
usual  powder  processing  methods.  Moreover,  processing  these  solid 
solutions  into  continuous  fiber,  coatings,  or  ceramic  matrices  would 
clearly  be  problematic  if  not  impossible. 

In  the  context  of  our  general  interest  in  the  design,  synthesis  and 
pyrolysis  of  organometallic  precursors  to  specific  phases  and 
nanocrystalline  composites  in  the  Si-C-Al-O-N  system,  we  have  pursued  the 
use  of  both  single -component  precursors  and  mixed  organosilicon/ 
organoaluminum  systems  to  prepare  SiC/AlN  solid  solutions.  Our  initial 
work  employing  both  a  vinylic  polysilane  (VPS)  and 
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methylhydridopolycarbosilane  (MPCS)  as  SiC  sources,  in  copyrolysis  with 
organoaluminum  amides,  yielded  both  2H  solid  solutions  and  3C-SiC/2H-AlN 
composites,  depending  on  the  AIN  source  employed  [11]. 

We  report  here  the  results  of  both  further  copyrolysis  experiments 
with  diethylaluminum  amide  [Et^AlNH^,  employing  a  new  polycarbosilane  as 
the  SiC  source,  and  our  pyrolysis  studies  of  single -component  precursors 
derived  from  the  interaction  of  cyclotrisilazanes  and  triethylaluminum. 
Preliminary  results  from  the  latter  study  were  recently  reported  at  the 
2nd  International  Ceramic  Science  and  Technology  Congress  [12]. 

The  SiC  precursor  source  chat  was  employed  in  the  present  studies  was 
a  new  polycarbosilane  of  the  approximate  composition,  [SiH^  8jEt  CH  ]  , 
prepared  by  Grignard  coupling  of  chloromethyltri.^n- .osilane  [13].  Our 
studies  of  this  precursor  indicate  a  near -quantitative  conversion  to 
apparently  stoichiometric  SiC  on  confined  pyrolysis  in  N2  to  1000°C  [14]. 

It  has  a  highly  branched  structure  with  Si(C)H3>  SiCC^Hg,  Si(C)3H,  and 
Si(C)^  microenvironments,  and  undergoes  rapid  crosslinking  on  heating  to 
150-250°C  (or  slowly  at  room  temperature)  to  form  a  glassy,  insoluble 
solid.  It  is  unusual  In  that  it  gives  SiC  with  little  or  no  free  carbon  on 
pyrolysis;  this  precursor  was  used  in  the  present  study  to  provide  better 
compositional  control  of  the  final  solid  solution  product. 

EXPERIMENTAL  PROCEDURE 

General 

All  precursor  handling  and  preparation  was  done  in  a  Nj- filled 
glovebox  or  with  Schlenk  techniques.  The  procedures  used  for  precursor 


synthesis,  handling,  and  characterization  follow  standard  practice  in 
organometallic  chemistry  [15]  and  have  been  described  in  detail  in  our 
earlier  publications  (11]. 

s 

Transmission  electron  microscopy  samples  of  finely  ground  ceramic 

materials  were  prepared  by  dropping  a  suspension  of  the  powder  in  hexane 

onto  carbon-coated  nylon  grids  and  blotting  away  excess  solvent.  X-Ray 

diffraction  measurements  were  made  between  20-10-80°^.  TGA  experiments 

were  carried  out  in  flowing,  prepurified  Nj  or  NH^  with  a  typical  heating 

rate  of  10  C/min  A  special  Lexan  glove  box  was  designed  and  built  to 

house  the  TGA  equipment  so  as  to  allow  the  handling  of  the  air-sensitive 

precursors  under  an  inert  atmosphere.  Annealing  of  1000°C  pyrolyzed 

ceramics  was  performed  from  1600-1800°C  in  for  2h  at  the 'desired 

temperature  in  a  two-chamber  -protected,  molybdenum  wound  tube  furnace. 
13  27 

Solid  state  C  and  Al  NMR  studies  were  performed  at  the  Colorado 

State  University  Regional  NMR  Center.  High-speed  MAS  NMR  spectroscopy  was 

carried  out  at  14.0  T  on  a  Bruker  AM-600  spectrometer  using  a  high-speed 

MAS  probe  built  in-house  and  tuned  to  156.38  MHz  [16-18].  Samples  were 

spun  in  4.5  mm  O.D.  cylindrical  Vespel  rotors  at  a  speed  of  12-14  kHz. 

Single  pulse  excitation  using  a  90  degree  <2.3  ns)  solids  pulse  was 

employed  [19,20].  A  1.0s  recycle  delay  was  used  in  all  cases.  IK  data 

blocks  (512-10,000  scans)  were  acquired  using  a  100  kHz  spectral  width  and 

then  zero  filled  to  4kB  before  Fourier  Transformation  using  50  Hz  line 
27 

broadening.  Al  chemical  shifts  were  referenced  to  aqueous  1M  Al(NO^)^ 

13 

(0.0  ppm).  C  MAS  NMR  were  acquired  on  a  modified  NT-100  spectrometer 
using  cylindical  Kel-F  rotors  [18]  and  an  MAS  probe  built  in-house  and 
tuned  to  25.27  MHz.  Single  pulse  excitation  using  a  45  degree  (2.5  ns) 
pulse  was  employed  along  with  high  power  proton  decoupling  during  data 
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acquisitior .  lkB  data  blocks  (30,000-40,000  transients)  were  acquired 
using  a  12  KHz  spectral  width  and  a  5.0s  recycle  delay.  The  resulting  data 
were  zero  filled  to  4kB  and  Fourier  Transformed  with  100  Hz  line 
broadening.  Carbon  chemical  shifts  were  referenced  to  liquid 
tetramethylsilane  (TMS)  whose  chemical  shift  was  taken  to  be  0.0  ppm. 

Precursors 

Diethylaluminum  amide,  [Et^AlNHjlj.  was  used  as  the  precursor  to  AIN 
and  prepared  from  the  reaction  of  triethylaluminum  with  NH^  as  reported 
previously,  except  that  dry  hexane  was  used  as  the  solvent  [21).  The 
polycarbosilane ,  [SiH  Et  CH  ]  (HPCS),  was  obtained  from  the  reaction 
of  Cl^SiCHjCl  with  Mg  in  diethylether  [13].  The  small  amount  of  Et 
substitution  arises  from  ether  cleavage  by  the  chlorosilane  under  extended 
reflux. 

The  single -component  precursors  to  SiC/AlN  were  prepared  under  N2  by 
direct  reaction  of  either  1 , 3 , 5- trimethyl-1 , 3 , 5- trivinylcyclotrisilazane 
(TMTVTS)  or  1 , 1 ' , 3 , 3 ' , 5 , 5 ' -hexamethylcyclotrisilazane  (HMTS)  with 
triethylaluminum  [12].  Reactions  were  performed  using  Si/Al  molar  ratios 
of  9,  3,  and  1.  Following  the  exothermic  evolution  of  ethane,  clear, 
water- like  (Si/Al-9)  or  viscous  (Si/Al-3,1)  liquids  were  obtained.  Heating 
these  liauid  products  at  200-300°C  produced  viscous  melts  which  solidified 
to  yellowish  glasses  on  cooling.  Fibers  could  be  drawn  from  these  melts 
and  converted  to  ceramic  fibers  by  heating  them  rapidly  to  1000-1400°C  in 
N2  or  NH^.  In  this  manner,  short  lengths  of  a  black  ceramic  fiber  (10-100 
/im  in  diameter)  were  obtained  from  hand-drawn  precursor  fiber  heated  in  N2> 
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Preparation  of  Precursor  Mixtures 

A  homogeneous  liquid  containing  a  2.1:1  molar  (1:1  by  weight)  ratio  of 
HPCS/ [ Et^AlNHj ] j  was  prepared  by  thoroughly  mixing  the  respective  liquid 
precursors  in  a  N2* filled  glove  box.  This  mixture  was  proportioned  for 
copyrolysis,  hot-drop  and  TGA  experiments. 

Pyrolysis  of  Precursors 

Copyrolysis  of  Mixcure  (Procedure  A) 

A  ca.  10  g  portion  of  the  precursor  mixture  was  transferred  to  a 
molybdenum  boat  and  then  loaded  into  a  fused  silica  tube,  equipped  with 
roto-flow  valves,  in  a  glovebox.  The  fused  silica  tube  was  inserted  into  a 
programmable  tube  furnace  and  connected  to  gas  inlet  and  outlet  lines 
without  exposure  of  the  tube  contents  to  the  atmosphere.  Initial  pyrolysis 
was  conducted  in  an  NH^  atmosphere,  using  a  commercial  purifier  to  remove 
residual  0^  and  1^0  vapor  from  the  anhydrous  NH^  source.  The  furnace 
temperature  was  increased,  while  flowing  NH^  through  the  furnace  (0. 2-0.4 
scfh) ,  from  25°C  to  200°C  in  lh,  followed  by  a  hold  at  200°C  for  4h,  and 
then  an  increase  to  300°C  fiver  O.Sh,  with  a  hold  at  this  temperature  for 
another  4h.  At  this  point  the  gas  flow  was  switched  from  NH^  to 
prepurified  Nj  and  the  temperature  was  raised  to  1000°C  over  3.5h.  After  a 
5h  hold  at  1000°C,  the  cube  was  furnace -coo led  to  room  temperature  and 
removed  to  the  glove  box  for  sample  retrieval. 
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Hoc  Drop  of  Mixture  (Procedure  B) 

A  portion  of  the  precursor  mixture  was  transfered  to  a  5ml  syringe 
fitted  with  a  needle  whose  tip  was  covered  with  a  small  rubber  septum.  A 
fused  silica  reactor  [11]  was  heated  to  485°C  in  a  sand  bath  with  a 
constant  stream  of  NH^  (0.05  scfh)  flowing  through  an  inlet  tube  which 
extended  to  near  the  bottom  of  the  reactor.  The  needle  of  the  syringe  was 
then  pierced  through  a  septum  on  the  reaction  vessel  and  the  liquid  mixture 
was  "dropped"  onto  the  heated  bottom  surface  at  a  rate  of  1  drop  every 
5 -10s.  White  fumes  were  observed  during  the  addition  and  the  temperature 
of  the  reactor  had  increased  to  510°C  by  the  end  of  the  addition.  After 
complete  addition  of  the  mixture,  the  reaction  vessel  was  flushed  with  N^, 
cooled  under  Nj  flow,  and  transferred  into  the  glovebox  for  sample 
collection.  Subsequent  heating  to  1000°C  was  carried  out  in  a  molybdenum 
boat  in  the  fused  silica  furnace  tube  as  described  in  Procedure  A  after  the 
switch  from  NH^  to  N2  gas. 

Pyrolysis  of  Single -Component  Precursors  (Procedure  C) 

Typically,  10-15  g  portions  of  these  precursors  were  loaded  in  the 
glovebox  into  the  sealed  furnace  tube  as  described  in  Procedures  A  and  B. 
The  samples  were  directly  pyrolyzed  in  flowing  (0.05-0.1  scfh)  Nj  by 
heating  from  25°C  to  1000°C  in  lOh,  holding  at  1000°C  for  an  additional 
lOh,  and  cooling  to  ambient  temperature.  Samples  were  retrieved  in  the 
glovebox . 
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RESULTS 


Copyrolysis  of  HPCS/Et2AlNH2  Pr.  -.ursor  Mixture 

TGA  results  for  the  mixture  of  the  HPCS  and  [EtjAlNHjlj  precursors 
(Figure  1)  indicate  a  sizeable  increase  in  char  yield  for  the  mixture  as 
compared  to  those  of  the  individual  precursors  alone.  Essentially  the  same 
results  were  obtained  by  heating  at  a  constant  rate  of  10°C/min  in  Nj  or 
under  conditions  which  simulated  that  of  the  bulk  copyrolysis  runs,  i.e., 
5°C/min  to  200°C  under  NH^,  hold  for  2h  at  200°C,  heating  to  400°C  at 
10°C/min,  then  switching  to  Nj  for  the  final  heating  to  1000°C.  In  either 
case,  the  overall  weight  loss  to  1000°C  is  only  6-10%  more  than  that 
expected  for  a  quantitative  conversion  of  the  mixture  to  SiC  and  AIN, 
whereas  the  individual  precursors  both  gave  char  yields  which  were  on  the 
order  of  27-30%  under  the  same  conditions  (10°C/min,  under  Nj)  [22], 

XRD  data  (Figure  2)  for  the  1000°C  samples  obtained  by  either 
pyrolysis  procedure  A  or  B  indicate  little  or  no  crystallinity,  whereas 
after  the  1600°C  anneal  the  crystallinity  has  obviously  increased,  although 
the  crystallite  sizes  are  apparently  still  quite  small.  By  1800°C  the  2H 
XRD  pattern  is  clearly  seen  for  all  pyrolysis  products. 

TEM/EDS  analyses  performed  on  the  ceramic  powders  derived  from 
pyrolysis  procedures  A  and  B  showed  a  significant  difference  in  overall 
composition,  despite  the  fact  that  these  samples  were  derived  from  the  same 
initial  precursor  mixture  (Si/Al-2.1).  Whereas  the  copyrolysis  samples 
(procedure  A)  appeared  to  contain  more  Si  than  A1  (Si/Al-  ca.  3-10),  the 
samples  obtained  from  the  hot  drop  appeared  to  be  richer  in  Al  (Si/Al-  ca. 
0.2-0. 5).  After  the  1000°C  pyrolysis,  both  samples  were  largely  amorphous; 
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after  the  1600°C  anneal,  blocky  crystallites  of  10*50  ran  were  observed. 
Further  annealing  at  1800°C  produced  some  slightly  larger  crystallites 
(50-500  ran),  although  most  crystals  were  20-50  ran  in  size;  no  grain  sizes 
above  lpm  were  observed.  As  we  observed  previously  for  our 
precursor-derived  SiC/AlN  solid  solution  products  [11],  there  appeared  to 
be  two  distinct  types  of  particles  in  these  samples,  an  extremely 
fine-grained  (<10  nm) ,  material  which  was  quite  high  in  Al  content  and  the 
larger  blocky  crystallites  which  were  richer  in  Si  than  Al,  but  appeared  to 
contain  a  significant  proportion  of  both  elements. 

Single -component  Precursor 

The  char  yields  for  the  single -component  precursors,  pyrolyzed  in 
to  1000°C,  ranged  from  35-75%,  increasing  as  the  ratio  of  Si/Al  decreased 
from  9  to  1,  i.e.,  as  the  amount  of  Al  increased  in  the  polymer  [12],  and 
also  when  the  vinyl/methyl -substituted  silazane,  TMTVTS,  was  used  instead 
of  the  methyl -substituted  compound,  HMTS  (Figure  3).  In  all  cases,  the 
resulting  ceramics  were  black  glassy  solids. 

XRD  indicated  that  all  materials  pyrolyzed  to  1000°C  were  poorly 
crystalline.  Heating  to  1600-1800°C  under  Nj  induced  crystallization,  with 
the  XRD  patterns  comparable  to  those  obtained  for  the  mixed-precursor 

ceramics  and  consistent  with  expectations  for  a  2H  solid  solution  [12]. 

27  13 

Solid  state  Al  and  C  NMR  results  for  the  THTVS-derived  ceramic 

27 

products  are  shown  in  Figures  4  and  5,  respectively.  The  Al  spectra  show 
a  single,  broad  peak  (with  broad  side  bands)  which  sharpens  somewhat  and 
shifts  to  lower  shielding  as  the  temperature  is  increased  from  1000°C  to 
1800°C.  The  peak  at  113.2  ppm  in  the  spectrum  for  the  1800°C  sample  is 
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consistent  with  that  observed  at  114.3  ppm  for  the  AlN  derived  from 
pyrolysis  of  the  [E^AlNH^  precursor  alone.  The  13C  spectra  have  rather 
low  signal-to-noise  ratios;  the  presence  of  graphitic  carbon  from  180-100 
ppm  [23]  is  not  seen  in  the  1600°C  or  1800°C  samples.  Carbidic  carbon 
(20  ppm)  [23,24]  is  seen  in  both  of  these  samples. 


DISCUSSION 

In  our  earlier  studies  of  SiC/AlN  solid  solution  formation  by 
pyrolysis  of  mixed  organometallic  precursors,  it  was  found  that  either  2H 
solid  solutions  or  nanoscale  composites  of  j9-SiC  and  2H  AlN  could  be 
obtained,  depending  on  the  AlN  precursor  and  the  pyrolysis  procedure 
employed.  [11].  The  use  of  [  i - Ik^AlNl^  ]  -j  as  the  AIN  source  led  to  a 
composite  ceramic  when  a  gradual  copyrolysis  was  employed;  on  rapid  heating 
(hot  drop)  or  through  the  use  of  [EtjAlNHj]^  as  the  AlN  source,  a  2H  solid 
solution  was  obtained. 

Two  SiC  sources  were  employed  in  our  earlier  work,  a 
methylpolycarbosilane  [MeHSiCH^]^  (MPCS)  and  a  vinylic  polysilane 
[ (vinyl)  Me  H  Si]  (VPS).  Both  polymers  contain  a  considerable  excess  of 
carbon,  relative  to  the  unit  Si/C  ratio  in  SiC  and,  as  was  suggested  by  the 
elemental  analyses,  some  of  this  excess  carbon  remains  in  the  final  ceramic 
products,  presumably  as  free  C. 

In  the  present  study,  we  have  focused  on  the  use  of  [Et^AlNHj]^  as  the 
AlN  source  for  the  mixed-precursor  pyrolysis  and,  in  order  to  avoid  the 
introduction  of  excess  carbon,  we  have  employed  a  new  precursor  (HPCS)  to 
SiC  that  has  a  near  stoichiometric  ratio  of  Si/C-1  [13].  HPCS  is  a  highly 
branched  polycarbosilane  of  the  composition,  [SiH  Et  CH  ]  ,  that  is 
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known  to  undergo  crosslinking  by  elimination  of  H2  between  SiH^  groups  on 
heating  between  100-300°C  [14].  Thus,  in  our  copyrolysis  experiments,  the 
temperature  of  the  mixture  of  this  precursor  with  [EtjAlNHj]^  was  held  at 
200°C  for  several  hours  to  avoid  the  loss  of  volatile  carbosilane  oligomer 
fractions  in  HPCS.  However,  as  is  suggested  by  our  TGA  study  of  this 
mixture  (Figure  1)  even  under  the  relatively  rapid  pyrolysis  conditions  (10 
°C/min)  employed  in  this  TGA  experiment,  the  overall  char  yield  of  the 
mixture  is  substantially  enhanced  relative  to  that  of  the  individual 
precursors  when  studied  under  the  same  conditions  alone.  Ve  conclude  that 
a  reaction  between  these  two  precursors  occurs  during  the  heating  of  the 
mixture  between  200-500°C,  which  renders  the  precursors  involatile  and 
fixes  the  relative  positions  of  Si  and  Al  in  the  mixture  during  the 
subsequent  pyrolysis.  This  would  explain  the  observation  that  a  2H  SiC/AlN 
solid  solution  is  obtained  as  the  eventual  product  of  this  pyrolysis. 

The  precise  nature  of  the  reaction  between  these  two  precursors  is 
presently  unknown;  however,  it  is  expected  that  Si-based  radicals  are 
formed  by  thermolysis  of  the  Si-H  bonds  in  the  polycarbosilane  near  200°C. 
These  radicals  can  be  trapped  by  the  organoaluminum  amide,  which  could 
lead  to  Si-N-Al  linkages  between  these  two  precursors.  Alternately,  a 
reaction  involving  the  relatively  protonic  (N)-H  hydrogen  atom  of  the 
organoaluminum  amide  and  the  relatively  hydridic  (Si)-H  of  the 
polycarbosilane  could  eliminate  Hj  to  form  Al-N-Si  bonds  directly  [25]. 
Efforts  to  test  this  hypothesis  of  Al-N-Si  linkage  formation  in  the  heated 
polymer  mixture  are  currently  underway  using  solid  state  NMR  spectroscopy. 
In  any  event,  it  is  clear  that  the  copyrolysis  of  this  precursor  mixture 
can  be  used  to  prepare  an  apparently  homogeneous  SiC/AlN  solid  solution  in 
high  yield. 
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Preliminary  studies  of  this  solid  solution  by  using  TEM/EDS  and  solid 
27 

state  Al  NMR  spectroscopy  suggest  that,  on  annealing  between  1600  and 
1800°C,  phase  separation  occurs  to  yield  at  least  two  distinct  2H  solid 
solution  phases.  A  similar  situation  was  observed  in  our  earlier  studies 
(111  as  well  as  in  our  investigation  of  the  single -component  precursors 
(see  below).  This  is  presumably  a  manifestation  of  the  miscibility  gap  in 
the  SiC/AlN  phase  diagram  in  the  temperature  regime  where  crystallization 
of  the  solid  solution  actually  occurs  [7]. 

The  single -component  precursors  to  SiC/AlN  solid  solutions  are 
polyaluminosilazanes  derived  from  the  reaction  of  cyclotrisilazanes  of  the 
type  [RR'SiNHJj  (R  -  Me;  R'  -  Me,  vinyl)  with  Et^Al.  A  reaction  occurs  at 
room  temperature  between  these  compounds,  releasing  ethane  and  presumably 
forming  Si-N-Al  bridges  between  at  least  partially  intact  silazane  rings 
[20].  The  substantial  increase  in  viscosity  that  occurs  on  mixing  the  two 
liquid  precursors,  along  with  the  eventual  solidification  on  heating  to 
form  an  insoluble  glass,  suggests  a  condensation  polymerization  process 
that  eventually  proceeds  to  form  a  three-dimensional  network  structure.  In 
the  case  of  the  vinyl -substituted  silazane,  TMTVTS,  IR  spectra  suggest  that 
vinyl  polymerization  occurs  along  with  Si-N-Al  bond  formation,  contributing 
to  the  establishment  of  a  network  structure.  It  was  found  that,  at  an 
appropriate  point  in  this  thermally  induced  polymerization  process,  fibers 
could  be  hand  drawn  from  the  melt  of  the  TMTVTS  +  Et^Al  polymer.  These 
were  successfully  converted  to  amorphous  ceramic  fiber  by  heating  rapidly 
in  either  Nj  or  NH^.  In  the  latter  case,  a  mixture  of  0-Si^N^  and  AlN  is 
the  eventual  crystalline  product  on  thermally  annealing  at  1600°C,  whereas 
under  ^  the  only  crystalline  phase  observed  by  XRD  [12]  is  the  2H  SiC/AlN 
solid  solution.  Based  on  the  unusually  high  TGA  yield  observed  for  the 
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TMTVTS -derived  polymer  relative  to  the  HMTS-derived  polymer  in  particular 

(Figure  3),  it  is  anticipated  that  the  final  ceramic  product  also  contains 

a  considerable  amount  of  excess  carbon. 

27  13 

The  Al  and  C  NMR  data  on  the  TMTVS- derived  ceramic  products 

(Figures  4  and  5)  indicate  that  the  final  Al  and  C  environments  after 

crystallization  at  1800°C  are  similar  to  those  in  AIN  and  SiC, 

respectively;  however,  a  closer  examination  of  these  spectra  show  a 

broadening  that  is  not  found  in  the  pure  phases,  suggesting  a  distribution 

of  environments.  The  substantial  peak  shifts  that  are  observed  in  these 

spectra  following  the  annealing  of  the  1000°C  sample  at  1600°C  and  finally 

1800°C,  indicate  further  that  a  marked  change  in  the  local  environment  has 

27 

occurred  as  this  material  crystallized.  The  initial  Al  peak  position 

observed  for  the  amorphous  1000°C  product  is  consistent  with  an  environment 

which  contains  both  N  and  C.  After  heating  to  1600°C  and  then  1800°C,  the 

Al  peak  shifts  to  lower  fields,  approaching  the  114.0  ppm  position  found 
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for  AlN .  Similarly,  the  C  peak,  which  starts  out  with  a  value 
appropriate  to  graphitic  carbon,  shifts  towards  the  position  expected  for  C 
in  SiC. 

These  observations  are,  in  general,  consistent  with  expectations  based 

on  the  phase  diagram  for  SiC/AIN  which  indicates  a  miscibility  gap  in  this 

temperature  regime,  with  AIN-  and  SiC-rich  solid  solution  phases  separating 

29 

out  on  crystallization.  Further  NMR  studies  (including  Si  NMR)  of  these 
solid  solutions  are  planned,  along  with  a  full  investigation  of  the 
homogeneous  2H  solid  solution  phase  which  is  anticipated  on  crystallization 
of  the  1000°C  material  above  2000°C. 
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Figure  Cap ’.ions 

Figure  1.  TGA  curves  for  the  pyrolysis  of  2.1:1  molar  (1:1  by  weight) 
mixtures  of  HPCS/fEtjAlNH^J^  in  Nj  or  N^/NH^ .  TGA  under  Nj  run  at 
10°C/min.  For  the  N^/NH^  run-  conditions  simulating  the  copyrolysis  were 
employed  (see  text).  The  sum  of  the  char  yields  for  the  individual 
precursors  are  noted  along  with  the  theoretical  yield  of  SiC  +  AlN. 

Figure  2.  XRD  powder  patterns  for  ceramics  obtained  by  a) 
Copyrolysis/Procedure  A,  and  b)  Hot  Drop/Procedure  B  for  HPCS/[Et2AlNH2l2- 

Figure  3.  TGA  curves  for  the  ^  pyrolysis  of  a)  TMTVS  and  b)  HMTS 
single -component  precursors.  Heating  rate  was  10°C/min. 

Figure  4.  Solid  state  ^Al  MAS  NMR  spectra  for  TMTVS  (Si/Al-3)  samples 
pyrolyzed  to  1000°C  and  annealed  at  1600°C  and  1800°C  in  Peak 

positions  are  noted.  Spectra  of  [Et2AlNH2)2  samples  that  were  heated  to 
1000°C  and  1600°C  are  shown  for  comparison.  Spinning  side  bands  (*)  are 
seen  as  small,  broad  bands  on  each  side  of  the  main  peak. 
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Figure  5.  Solid  state  C  MAS  NMR  spectra  for  TMTVS  (Si/Al-3)  samples 
pyrolyzed  to  1000°C  and  annealed  at  1600°C  and  1800°C  in  Nj. 
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Polymeric  precursors  to  SiC  that  have  the  requisite 
properties  for  fiber  spinning,  preparation  of  SiC  coatings, 
etc.,  and  that  will  produce  this  ceramic  product  in  high 
yield  and  purity  on  pyrolysis  have  been  the  subject  of 
much  attention  during  the  past  ca.  10  years.2-3  In  this 
context,  polymers  that  possess  a  nominal  1:1  ratio  of  Si 
to  C  and  that  undergo  pyrolysis  so  as  to  preserve  this  1:1 
stoichiometry  have  been  of  particular  interest3  The 
general  rule-of-thumb  in  this  search  for  high-yield  SiC 
precursors  has  been  that  linear  polymers  exhibit  a  low 
ceramic  yield  due  to  thermally  induced  “chain-unzipping” 
processes  that  lead  to  volatile,  low  molecular  weight 
fragments  and,  consequently,  that  cross-linked  structures 
are  a  virtual  requirement  for  suitable  precursors.4 

Our  recent  work  on  linear  poly(silapropylene)  obtained 
via  ring-opening  polymerization  (ROP)  of  1,3-dichloro- 
1 ,3-dimethyl- 1 ,3-disilacy  clobutane  has  suggested  that  the 
presence  of  H  attached  to  Si  in  linear  polycar  bos  ilanes 
may  provide  an  effective  thermosetting  mechanism  for 
overcoming  this  depolymerization  tendency.5  We  now 
report  an  extension  of  this  ROP  process  that  permits  the 
preparation  of  high  molecular  weight,  linear  poly(silaeth- 
ylene),  (-SiH^Hj-),,,  a  polymer  that  exhibits  remarkably 
high  ceramic  yields  on  pyrolysis  to  1000  °C.  This  paper 
also  reports  the  basic  NMR  and  IR  characterization  data 
for  this  silicon  analogue  to  polyethylene. 

Prior  reports  of  the  preparation  of  poly(silaethylene) 
have  been  limited  to  the  claim,  in  a  patent,  that  the 
synthesis  of  this  polymer  was  accomplished  by  the  ring¬ 
opening  polymerization  of  disilacydobutane.6  However, 
other  than  its  conversion  to  SiC  in  86%  ceramic  yield,  no 
basic  characterization  data  for  this  polymer  was  given  nor 
was  the  yield  of  the  ROP  reaction  specified.  Indeed,  it  is 
well-known  in  silicon  chemistry  that  the  Si-H  bond  is 
easily  activated  by  the  Pt  catalysts  employed  in  this  patent, 
and  it  appears  likely  that  the  polymer  so  obtained  would 
be  extensively  cross-linked  by  Si-Si  interchain  bonding.7 
Our  attempts  to  repeat  this  preparation  have  resulted  in 
an  extremely  low  conversion  efficiency  (20%)  with  even 
lower  yields  of  hydrocarbon-soluble  polymer  (8% )  whose 
IR  and  NMR  spectra  indicate  branching  at  Si. 

We  have  found  that  l,l,3,3-tetrachloro-l,3-diailacydo- 
butane  (I)  is  a  much  more  satisfactory  starting  point  for 
the  preparation  of  poly(silaethylene)  and  that  high  yields 
of  a  high  molecular  weight  precursor  to  this  polymer  can 
be  obtained  by  ROP  of  I.  Moreover,  this  intermediate, 
poly(dichlorosilaethylene)  (II),  (-SiCltCHr’)iw  is  a  novel 
polymer  in  its  own  right  that  holds  considerable  potential 
as  a  precursor  to  a  wide  range  of  new  substituted  poly- 
carbosilanes. 

Poly(dichloroeilaethylene)  (II)  was  prepared  by  ROP 
of  I  catalyzed  by  chloroplatinic  add  or  a  platinum-divi- 
nyltetramethyldisiloxane  complex  in  benzene  as  described 
in  detail  elsewhere.1  >H  NMR:  1.17  ppm.  13C|H|NMR: 
18.03  ppm.  ®Si{H}  NMR:  18.5  ppm. 

Direct  reduction  of  this  product  in  benzene  leads  to  the 
corresponding  poly(silaethylene)  (HI)  as  a  hydrocarbon- 
soluble,  viscous  liquid. 1  Gel  permeation  chromatography 
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Figure  1.  lH  NMR  spectrum  of  poly(silaethylene),  (-8iHjCHr)«. 

indicated  a  monomodal  molecular  weight  distribution  (M„ 
*  12  300,  M„  •*  33  000  vs  polystyrene).  The  quintets 
observed  in  the  NMR  spectrum  of  this  polymer  (Figure 
1)  at  4.158  and  -0  098  ppm  and  their  1:1  integration  ratio 
are  consistent  with  the  expected  structure,  (-SiH^H*-),,.8 
The  ®Si  NMR  spectrum  of  III  showed  the  proper  split¬ 
tings  when  coupled  with  the  protons  and  gave  one  major 
singlet  at  -34.4  ppm  when  proton  decoupled.  A  small 
peak  at  -62.3  ppm  was  attributed  to  the  end  group  -SiHj 
and  another  even  smaller  peak  at  -12.3  ppm  was  presumed 
to  be  due  to  -SiH.  The  13C  NMR  spectrum  showed  one 
mgjor  singlet  at-9.21  ppm  as  expected  for  the  -CHr-  group 
and  another  small  peak  at  -4.85  ppm  due  to  the  -CH3  end 
group.  Elemental  analysis  of  this  polymer  is  consistent 
with  the  expected  structure.  (Found:  C,  27.21;  H,  9.09. 
Calcd:  C,  27.27;  H,  9.09.) 

The  IR  spectrum  of  III  indicates  well-defined  narrow 
absorption  bands  at  1046,  950,  851,  and  760  cm*1.  This 
is  in  contrast  to  the  branched  hydridopolycarboeilane 
prepared  in  our  laboratory  by  Grignard  coupling  of  trichlo- 
:  o<chloromethyl)silane  followed  by  reduction  with  LiAlH*, 
which  shows  broad  absorption  in  the  1050-750-cm*1 
region.3* 

The  TGA  study  of  IH  in  N2  gave  a  remarkably  high 
ceramic  yield  (calcd,  90.9;  obed,  87).  Weight  loss  started 
at  about  100  "C,  and  there  was  almost  no  weight  loos  after 
600  °C.  The  infrared  spectrum  of  the  ceramic  product 
obtained  after  pyrolysis  to  1200  °C  showed  only  one 
absorption  at  823  cm*1,  consistent  with  the  formation  of 
SiC.9  The  powder  X-ray  diffraction  study  of  the  ceramic 
product,  obtained  after  pyrolysis  to  1000  SC  in  N2  and 
holding  at  that  temperature  for  1  h,  indicated  the  formation 
of  jS-SiC.  The  average  crystallite  size  of  this  material, 
calculated  by  the  line  broadening  of  the  XRD  pattern, 
was  2.5  nm.10  This  represents  an  unusually  low  crystal¬ 
lization  temperature  for  SiC  obtained  from  organome- 
tallic  precursors23  and  suggests,  along  with  the  observed 
weight  loss,  a  high  level  of  purity  for  the  SiC  so  obtained. 
Further  heating  under  N2  at  1800  °C  for  2  h,  resulted  in 
a  sharpening  of  the  XRD  pattern,  indicating  an  increase 
in  the  average  crystallite  size  to  24.3  nm. 

These  results,  along  with  those  obtained  in  our  earlier 
study  of  poly(silapropylene),5  show  dearly  that  an  initially 
cross-linked  structure  is  by  no  means  a  requirement  for 
high  ceramic  yields.  The  studies  suggest  further  that  high 
molecular  weight  linear  poly  car  bosilanes,  when  substituted 
with  H  on  Si,  can  undergo  relatively  facile  thermally- 
induced  cross-linking  prior  to,  or  accompanying,  chain 
scission.  The  mechanism  for  this  cross-linking  process  is 
currently  under  study,  however,  it  is  perhaps  notable  that 
the  decomposition  of  methylailanes  (MenSiH^,  n  *  1-4) 
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is  also  facilitated  by  increasing  substitution  of  H  on  Si. 11 
In  this  case  l.l-H?  elimination  from  the  methylsilanes  with 
n  *  1  and  2  leads  to  a  silylene  (*=Si:)  intermediate.  This 
highly  reactive  species  is  known  to  insert  into  Si-H  or 
even  C-H  bonds; 12  thus  in  a  condensed  polymer,  cross- 
linking  and  branching  would  be  expected  to  result  from 
the  attack  of  such  silylene  species  on  adjacent  polymer 
chains.  Even  in  the  case  of  polycar  bos  ilanes  such  as  poly- 
(siiapropylene),  which  have  only  one  H  per  Si,  H  transfer 
from  Si  to  the  adjacent  C  atom,  accompanied  by  Si-C 
bond  scission,11  could  generate  such  silylene  species  with 
a  similar  consequence  in  terms  of  interchain  cross-linking 
and/or  branching. 
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INTRODUCTION 

Chemical  processing  routes  to  advanced  ceramic  materials  on  gaining  importance  os  o 
convenient  approach  to  control  the  stoichiometry,  purity,  microetruetun  and  final  form  of  tho 
ceramic  products  (U  Tho  pyrolytic  conversion  of  organomotallic  molocnloc  and  polymora  is  one 
such  chemical  professing  route  that  has  been  widely  applied  in  ceramic  fiber  technology  [1,2],  in 
coating  proceeeee  [141.  and  in  the  sintering  of  bulk  ceramic  objects  [31  Despite  these  advances  in 
practical  applications,  there  is  a  continuing  need  in  this  area  for  a  bettor  fundamental 
understanding  of  the  chemistry  involved  during  the  precursor-tn  ceramic  conversion  process  and 
for  the  development  of  new  precursors  vrhieh  yield  tire  domed  ceramists)  in  high  yield  and  purity. 

The  recent  discovery  of  superplastieity  for  nanocry stsltine  SiC/SisNg  obtained  by 
pyrolysis  of  a  methylsilasane  [4],  along  with  the  potential  advantages  afforded  by  nanocrystalline 
materials  in  terms  of  mechanical,  optical  and  electronic  properties  [5J,  has  focused  attention  on 
the  preparation  of  these  materials  by  pyrolysis  of  melecnler  precursors.  Finally,  the  prospect  of 
developing  ceramic  powders  and/or  films  with  controlled  nanoporosity  for  use  as  catalysts, 
catalyst  supports  and  as  gas  separation  media  offers  additional  incentive  to  develop  further  the 
range  of  processes  and  new  systems  available  through  polymer  precursor  pyrolysis  [6]. 

This  peper  focuses  on  our  own  efforts  over  the  past  ca.  10  years  to  explore 
polymer/molecular  precursor  pyrolysis  as  a  route  to  both  known  and  potentially  new  non-oxide 
ceramic  compositions  with  unique  properties. 

Organometallie  Precureur  Routes  to  AIN 

Our  efforts  in  this  area  began  with  an  attempt  to  obtain  AIN  powder  in  high  yield  and 
purity  from  »'»gf«««lnmiBinii.«iniifl,ii«  derivatives.  These  experiments  lad  to  a  process  for  AIN 
powder  production  that  employs  EtgAl  and  NH3  as  the  A1  and  N  sources,  respectively  (Scheme  I), 
and  which  gives  a  high  surface  ana,  pun  AIN  powder  in  nearly  quantitative  yield  at  a  low  net 


R3AI  +  NH3  — >  R3AINH3 


R3AINH3  — >  R2AINH2  +  RH 

Scheme  I 

R3AINH2  — >  RA1NH  +  RH 


NH3 

RA1NH  — >  AIN  ♦  RH 


materials  cost  [7].  A  key  step  in  this  procedure  is  the  use  of  an  NH3  atmosphere  in  the  final  stage 
of  conversion  to  promote  loss  of  residual  alkyl  groups  as  volatile  hydrocarbons,  thereby  yielding 
stoichiometric  AIN  with  both  C  and  0  contents  less  than  0.1  wt  %  and  negligible  amounts  of 
other  impurities.  This  is  to  be  contrasted  with  alternative  processing  methods  that  start  with  A1 
or  AI2O3  whan  control  of  product  stoichiometry  and/or  C  and  0  contant  is  problematic. 

The  use  of  Me3Al  as  the  A1  source  in  this  same  sequence  of  reactions  involving  NH3  yields 
[MegAlNHita  ee  a  crystalline  intermediate.  This  compound  it  relatively  volatile  and  serves  as  an 
ex callant  single-source  precursor  for  AIN  CVD  yielding  high  quality,  polyerystalline  AIN  films  at 
relatively  low  deposition  temperatures  (co.  500  *C)  compand  to  altamative  mixod  A1  and  N 


precursor  syste at,  such  u  ADC3  (X  *  Cl,  Br)  or  MagAl  and  NH3  [8].  in  this  eaae,  tha  loss  of  C 
from  tha  growing  AIN  eurface  is  relatively  efficient,  lending  to  low  levels  a t  C  incorporation  in  tha 
p redact  ffhns  even  withoat  tha  ass  of  additional  NH3  as  a  00- reactant. 

These  applications  a t  tha  R3AI  ♦  KHj  system  aa  a  aoorea  of  AIN  powder  and  thin  film 
have  boon  aided  and  enhanced  by  oar  continuing  atudioo  of  the  ehomistry  represonted  in  the 
sequence  of  reasMana  shown  in  Schama  I.  This  work  has  included  kinetic  stadias  of  tha 
Ms3A1  iNHg  dsewnpaaition  to  dlsgAlNHalg,  which  provided  tha  first  indirect  evidence  for  a 
trimer  (T)  <■>  dimer  CD)  «■>  monomer  (M)  equilibrium  for  tha  MegAINHg  product  spades  [9]. 
Tha  ad  stance  of  at  least  tha  T  <*>  D  equilibrium  in  hydrocarbon  solution  was  evidenced  in 
further  NMR  studies  of  the  R  ■  Me,  Et,  i-Bu  and  t-Bu  dsrivativea  which  yielded  the  respective  AH 
end  AS  values  [10].  Our  isolation  of  tho  triaorie  form  of  tho  [(t-BuljAINHjja  compound  lod  to  s 
crystal  structure  study  that  revealed  a  novel  planar  arrangement  for  tho  (A1N>3  six-membered 
ring  [11].  In  this  study,  the  factors  that  determined  tha  relative  stabilities  of  tho  dimer  and 
trimer  forma  for  tha  (RgAlNHgln  compound!,  aa  wall  as  the  conformation  of  tho  CRgAlNH^  ring 
system,  ware  noted  and  discussed  [11].  A  subsequent  theoretical  study  indicated  a  probable 
planar  structure  for  the  monomeric  McgAlNHg  spades  and  lad  to  a  prediction  of  its  bond  lengths 
and  angles  [12].  Tima  of  flight  studios  of  tho  [MoqAlNHglg  system  hava  recently  confirmed  the 
existence  of  dimeric  and  trimerie  forms  in  the  vapor  phase  [13];  however,  the  corresponding 
monomeric  form  currently  remains  elusive. 

An  alternative  solution -based  route  to  AIN  films  and  which  employs  a  mixture  of 

R3AI  and  othylonodiamino  (on)  has  alw  bean  investigated  yielding,  in  the  case  of  the  2:1  R3Al:en 
system,  a  soluble  polymeric  intermediate  [(R3Al)s(cn>2H)}0  which  was  used  to  make  AIN  on 
Si  [14].  Again,  a  detailed  study  of  tho  chemistry  involved  in  the  conversion  of  tho  xR3Al:en  (x  ■ 
2,1)  adducts  to  polymeric  products  was  carried  out  whieh  has  revealed  a  scries  of  novol 
aluminum/(en-2H)  cluster  intermediates  on  thermolysis  of  the  1:1  adducts  [IS]. 


Precursors  to  SiC  andSigNg 

Our  efforts  to  synthesize  new  SiC  precursors  were  prompted  by  the  problem  of  excess  C  in 
SiC  derived  from  most  of  the  orgmnonlicon  polymers  that  are  currently  employed  as  precursors. 
These  precursors  typically  contain  a  2/1  or  greater  ratio  of  C/Si  initially,  and  the  excess  C  is  not 
eliminated  cleanly  as  hydrocarbons  on  pyrolysis.  Residual  carbon  can  lead  to  decreased  oxidative 
stability  for  the  resulting  SiC  ceramics,  as  well  as  sxesssive  creep  and  other  undesireable  effects 
on  ths  micro  structure  and/or  properties.  Moreover,  in  the  presence  of  oxygen  derived  from  curing, 
handling,  and/or  partial  oxidation  of  tho  precursors  or  from  oxide  components  in  a  composite,  lose 
of  CO*  species  becomes  e  significant  problem  for  these  materials  beyond  about  1200  °C  [16]. 

For  these  reasons,  we  have  directed  our  attention  to  the  preparation  of  polyearbosilanes 
that  have  a  nominal  "SiH2CH2"  composition  and  have  explored  two  approaches  to  such  polymers 
that  yield  structurally  quite  different  products  having  either  highly  branched  or  linear  -S1-CH2* 
Si-  backbones.  Both  polymers  were  found  to  have  high  ceramic  yields  after  thermal  processing 
and  gave  near-stoichiometric  SiC  on  pyrolysis  in  N2. 

Tha  first  approach  developed  employs  Mg  as  a  coupling  agent  and  Cl3SiCH2Cl  as  the 
starting  material.  The  resultant  "chloropolymer"  (nominally,  "[S1CI2CH2D  was  converted  to  ths 
hydridopolycarboailana  (HPCS)  "[SiHgCHgT  by  reduction  with  L1AIH4.  A  side  reaction  with  ths 
diethylether  solvent  leads  to  tha  incorporation  of  a  small  amount  of  ethyl  groups,  giving  the 
actual  formula,  [SiHi.86Eto.lsCH2]  [171 

A  structural  analysis  of  this  polymer  by  solution  NMR  methods  has  revealed  s  complex, 
highly  branched  structure,  resulting  from  the  ternary  functionality  of  the  CI3S1  end  of  the 
monomer  unit.  Despite  this  branching,  the  polymer  is  not  appreciably  croaslinked  and  remains 
liquid  and  highly  soluble  in  hydrocarbon  solvents.  This  "[Si^CHg]"  polymer  undergoes 
crosslinking  through  loss  of  H2  shove  ca.  200  *C.  Additional  cress  linking  by  thermal  treatment 
produces  a  gel  at  200  ®C  (12  hre)  and  an  insoluble  rubber  et  400  °C  (2  hrs),  which  have 
significantly  increased  ceramic  yields  (53*  and  91*,  respectively)  on  pyrolysis  in  N2  to  1000  °C 
(Figure  1),  as  compared  to  the  initially  isolated,  untreated  polymer  (30-40*  ceramic  yield)  [18]. 
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Figure  1.  TGA  curve*  for  highly  branched  hydridopolyearboalane  CHPCS)  after 
thermal  cro— linking  a)  200  *C  (12  hn),  b)  400  *C  (2  hr). 


Wo  hove  used  this  polymer  to  obtain  amorphous  "SiC"  coatings  on  glassy  carbon 
substrates  and  C  fiber  that  inhibit  oxidation  of  these  substrates  at  600  °C  in  air.  Adherent 
fnetinga  have  also  been  applied  to  various  metal  surfaces,  including  C-steels.  These  coatings  can 
be  applied  as  polymer  solutions  through  dip  or  spin  coating  techniques,  followed  by  pyrolysis  to 
1000  °C  in  N2-  We  have  also  used  this  hydridopolycarbosilane  to  prepare  particulate  and  fiber- 
reinforced  SiC/SiC  composites  by  liquid  phase  impregnation.  The  advantages  over  alternative 
precursors  for  SiC  include  the  effective  elimination  of  excess  C  and  O,  thereby  providing  a  SiC 
product  that  is  more  thermally  and  oxidatively  stable  than  those  obtained  using  alternative 
precursors  [191.  This  polymer  also  does  not  require  a  catalyst  or  an  oxidation  step  for 
thermosetting  and  exibits  a  high  ceramic  yield  of  essentially  pure  SiC. 

The  second  approach  that  we  have  developed  to  obtain  a  ”[SiH2CH2l”  polymer  involves 
the  ring-opening  polymerization  (HOP)  of  tetrachlorodisilacyclobutane,  [SiCl2CH2l2  [201.  The 
resultant  "chloropolymer"  is  again  reduced  to  the  hydridopolymer  with  LiAIHg.  In  this  case, 
however,  the  product  polycarbosilane  is  a  high  molecular  weight  linear  polymer  with  [SiH2CH2ln 
as  the  actual  repeat  unit  This  polymer  is  also  a  liquid  a  room  temperature,  is  soluble  in 
hydrocarbons,  and  undergoes  pyrolysis  under  N2  to  give  stoichiometric  SiC  in  yields  approaching 
the  theoretical  value  (up  to  91%)  by  1000  °C.  This  polymer  is  currently  available  only  in  small 
quantities  by  a  relatively  low  yield  process  and  is  not  expected  to  be  competitive  in  the  short  term 
with  the  branched  ISiHgCHaT  polymer  as  a  source  of  SiC  for  practical  applications. 

Both  of  these  synthetic  methods  are  fundamentally  new  approaches  for  preparing  useful 
polymeric  precursors  to  SiC.  These  polycarbosilanes  undergo  a  novel,  thermally-induced 
crosslinking  process  that  involves  elimination  of  H2  from  SiHn  groups  on  the  polymer  backbone. 
They  show  considerable  promise  as  high  yield  precursors  to  stoichiometric  SiC  and,  in  the  case  of 

the  branched  polymer,  as  a  viable  source  of  SiC  coatings  and  matrices  for  composites.  n 

In  addition  to  these  ongoing  investigations  of  the  pyrolysis  of  our  own  "SiH2CH2 
polymers,  we  have  carried  out  parallel  studies  of  a  commercial  polysilane  of  the  approximate 
composition, 

[[Si(Me3)]o.32tSi(CH=CH2)Melo.35lSi(H)Me]o.l8[SiMe2]0.07[CH2SiMe3]o.08ln 


obtained  from  Union  Carbide  (Y- 12044)  [19,21],  This  liquid  polymer  provides  e  predominantly 
polysilane  (-RR*Si-)n  chain  structure  with  reactive  vinyl  and  H  groups  for  possible  thermosetting 
through  radical  coupling  of  the  vinyl  groups  and  hydroeilylatioa.  It  is  known  to  yield  a  C-rich  (cu. 
17  wt%  excess  C)  SiC  on  pyrolysis  in  Ng  or  other  inert  atmospheres.  We  have  studied  the 
crosslinking  presses  and  the  evolution  of  the  SiC  network  structure  in  this  polymer  by  a 
combination  of  methods,  bat  of  particular  value  has  been  the  use  of  solid  state  NMR  methods, 
where  the  Si,  C  and  even  H  environments  in  the  precursor  were  followed  through  the  different 
stages  of  the  thermal  conversion  process  [21].  The  chief  conclusion  in  the  case  of  the  pyrolysis  in 
N2  was  that  cleavage  of  the  end  groups  from  the  polymer  backbone  to  give  R3Si*  radicals  at 
relatively  low  temperature  is  a  key  step  in  both  the  thermosetting  and  the  initial  part  of  the 
polymer  conversion  process,  during  which  the  -Si-Si-  backbone  converts  to  -Si-CH2-Si-  via  a 
radieal-initated  -CH2  insertion  process  [21], 

Following  other  studies  in  whieh  NH3  has  been  used  to  convert  polycarbosilanes  and 
polysilasanee  to  Si3N4,  we  have  found  that  the  vinylic  polysilane  and  our  "SiHgCHg"  polymer  can 
be  used  to  obtain  high  surface  area  powders  of  largely  amorphous  Si3N4  at  1000  °C  [22].  The 
Si3N4  eventually  crystallises  with  reduction  in  surface  area  on  farther  heating  above  1200  °C; 
however,  below  this  temperature,  in  the  absence  of  certain  impurities  such  as  B  or  BN  [23],  this 
high  surface  area  Si3N4  is  relatively  stable  and  conceivably  could  be  used  as  a  catalyst  support 
ML 

We  have  recently  completed  a  detailed  study  of  the  "he  mis  try  occurring  during  the 
conversion  of  this  vinylic  polysilane  to  Si3N4  in  NH3  that  has  included  esr  and  dynamic  nuclear 
polarisation,  as  well  as  solid  state  NMR  measurements  on  the  intermediate  and  final  solid 
products  [24].  A  key  difference  here  with  respect  to  the  analogous  conversion  in  Ng,  in  addition  to 
the  eventual  loss  of  all  C  and  its  replacement  by  N,  is  the  relatively  low  spin  concentrations  for 
the  samples  pyrolyxed  in  NH3  (Figure  2).  Whereas  the  "inert"  atmosphere  pyrolysis  generates  a 
significant  concentration  of  paramagnetic  centers  and  unpaired  spins  in  the  solid  products,  in 
NH3  the  unpaired  spins  are  effectively  quenched,  presumably  by  radical  transfer  procesees 
involving  NH3  (Scheme  II). 


NH3  +  *Si<  (orR*)  — >  NH2*  ♦ 


HSi£  (or  RH) 


Scheme  II 


NH2* 


*S‘s 


— >  ^Si-NH2 


The  resultant  NH2*  radicals  generated  can  couple  with  Si-based  radical  sites  on  the  polymer 
backbone.  This  process,  along  with  nucleophilic  attack  of  NH3  directly  on  the  backbone  Si  atoms 
of  the  polymer,  are  believed  to  be  responsible  for  the  efficient  removal  of  C,  as  hydrocarbons,  and 
its  replacement  by  NHX  species.  Condensation  processes  that  eliminate  NH3  and  silylamine 
species  then  lead  to  the  extended  -Si-N-  network  structure  of  Si3N4  [24]. 

A  study  of  the  condensation  polymerization  and  pyrolysis  of  silicon  tetradiethylamide, 
[Si(NEt2>4],  was  also  carried  out  with  the  aid  of  solid  state  ^®Si,  ^C,  and  (CRAMPS)  NMR 
spectroscopy  [25].  Among  the  key  observations  here  was  that  the  initial  SiN4  bonding  of  the 
precursor  was  maintained  throughout  the  conversion  of  the  tetraamide  to  the  polymeric  silazane 
and  then  to  the  amorphous  preceramic  product  at  800  °C,  albeit  with  the  formation  of  a 
considerable  amount  of  free  C  by-product  On  heating  farther  to  1500-1600  °C,  this  amorphous 
“silicon  nitride*  plus  C  mixture  is  converted  under  an  Ar  atmosphere  largely  to  SiC  and  N2(g), 
whereas  under  one  atmosphere  of  N2,  crystalline  a-Si3N4,  along  with  free  C,  are  the  main 
products. 


Figure  2.  Spin  densities  as  a  function  of  tampsratur*  for  solids  isolated  by  pyrolysis 
of  tha  vinylic  polysilana  in  aithar  nitrogen  or  ammonia. 


Preparation  of  AiN/SiC  Solid  Solutions  and  Ceramic  Nanocomposites  Using 
Organometallic  Precursors 

We  have  found  that  both  homogsneous  solid  solutions  and  nanoscale  composite  mixtures 
of  SiC  with  AIN  can  be  obtained  on  pyrolysis  of  mixtures  of  the  polycarbosilanes  or  polysilane  (as 
the  SiC  source)  and  diaDtylaluminum  amides  (as  the  AIN  precursor)  and  that  the  ceramic  yield  of 
the  polycarbosilane  is  greatly  enhanced  in  the  presence  of  the  AIN  precursor  [26]. 

In  this  work  the  use  of  miscible  liquid  precursors  to  both  AIN  and  SiC  allowed  the 
attainment  of  molecular-level  homogeneity  in  the  initial  precursor  mixture.  Subtle  differences  in 
the  extent  to  which  this  molecular-level  homogeneity  was  maintained  after  pyrolysis  of  the 
precursor  mixture  were  evidenced  by  X-ray  diffraction  studies  and  solid  state  ^A1  and  2®Si  NMR 
spectroscopy.  Figure  3  shows  a  series  of  X-ray  diffraction  patterns  of  a  50/50  mole  %  mixture  of 
the  completely  miscible  liquid  HPCS  and  [Me2AlNH2l3  precursors  which  were  pyrolyxed 
gradually  to  1000  *C  (GP)  (Fig.  3a)  or  rapidly  pyrolysed  at  500  *C  (RP)  prior  to  further  heating 
(Fig.  3b).  These  samples  were  farther  heated  in  Ng  to  temperatures  as  high  as  1800  °C  to 
crystallize  the  solid  solution.  In  both  cases  the  X-ray  diffraction  patterns  obtained  at  1800  ®C  are 
consistent  with  expectations  for  the  2 H  solid  solution  [26,27];  however,  the  sharper  lines  exhibited 
by  the  rapidly  pyrolyxed  sample  suggest  that  the  crystallinity  is  somewhat  higher  in  this  case  as 
compared  to  the  gradually  pyrolyxed  sample.  These  XRD  patterns  contrast  markedly  with  that 


obtained  on  pjmijrtiii  and  subsequent  annealing  at  1800  ®C,  of  tha  HPCS  polymar  alone.  In  thia 
eaaa  tha  djfflractfco  pattern  is  consistent  with  expactations  for  tha  cubic  3 C  form  of  SiC. 


Figura  3.  X-ray  diffraction  patterns  of  a)  gradually  pyralysad  (GP) 
and  b)  rapidly  pyrolyxed  (RP)  SiC/ AIN  pracunor  mixtura. 


Tha  solid  state  NMR  spectra  of  tha  solid  solution  samplas  (Figures  4-6)  show  the  effects  of  the 
miscibility  gap  in  the  SiC/AIN  solid  solution  below  1950  *C  [27].  Thus,  both  1000  °C  samples 
show  spectra  consistent  with  expactations  for  "averaged”  Al(Si)N*Cy  environments  whereas,  after 
crystallization  of  these  samples  at  1600-1800  *C,  the  the  A1  and  Si  NMR  peaks  shift  to  chemical 
shift  values  more  nearly  representative  of  the  "pure"  components,  AIN  and  SiC.  On  the  other 
hand,  there  are  clearly  differences  in  these  spectra  that  support  the  presumption  of  solid  solution 


formation  and  suggest  further  that  the  processing  method  employed  piayi  a  role  in  determining 
the  atomic-level  homogeneity  of  the  cryatalliaad  SiC/AIN  solid  eolation  phases  obtained.  In 
particular,  after  heating  to  1000  °C  the  gradually  pyrolyxad  (GP)  sample  •  two-peak  27A1 

MMR  epecti  um,  with  one  relatively  sharp  peek  ckm  to  the  expected  position  for  pore  AIN  (Figure 
4).  This  suggests  that  partial  phase  separation  occurs  during  the  slow  heating  of  the  precursor 
mixture,  aa  weald  bo  expected  on  the  basis  of  the  lower  thermal  stability  of  [EtaAlNH^  relative 
to  HPCS  [26].  Moreover,  in  the  2®Si  NMR  spectrum  obtained  for  the  rapidly  pyrolyxed  (RP) 
sample  after  heating  to  1800  *C,  the  main  Si  peak  is  broader  and  snmed  to  a  more  shielded 
position  relative  to  that  observed  for  the  corresponding  GP  sample  (Figures  5  and  6).  These  data 
suggest  that  on  an  atomic  level,  the  crystallized  solid  solution  phases  are  slightly  different,  with 

the  RP  sample  exhibiting  a  greater  degree  of  homogeneity  and  a  more  "solid-solution  like”  2®Si 
NMR  spectrum. 


PFM  PPM 


GP  RP 


Flgur*  4.  Solid  state  27A1  MAS  NMR  spectra  of  the  gradually  pyrolyxad 
(GP)  or  rapidly  pyrolyxad  (RP)  HPCS/[Et2AlNH2)3  precursor  mixture. 


Despite  these  subtle  processing-dependant  differences  in  composition  and  homogeneity 
and  the  presence  of  a  miscibility  gap  in  the  phase  diagram,  the  successful  generation  of  2 H  solid 
solutions  of  SiC  and  AIN  from  HPCS  and  [MegAlNH2l3  mixtures  represents  a  significant  advance 
in  ceramic  processing  by  polymer  precursor  pyrolysis.  This  opens  up  the  possibility  of  using 
liquid  phase,  thermally  curable  precursors  such  aa  HPCS  not  only  as  a  source  of  SiC  coatings  and 
matrices  for  ceramic  composites,  but  also  for  the  preparation  of  other  mixed-component  ceramic 


FigunS.  Solid  otato  29S1  MAS  NMR  ipoctra  of  a  gradually  pyrolytod 
HPCS/IEt2AlNH2]9  praeunar  miztaro. 
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Flffurod.  SoUdrtato  2981  MAS  NMRapactra  of  a  rapidly  pyroiyaad 

[Et2AlNH2]3  pracuraor  mixtura. 


systems  that  may  be  more  advantageous  than  SiC  alone.  In  particular,  in  the  case  of  SiC/AIN, 
the  alloying  of  SiC  with  AIN  has  been  reported  to  improve  its  microatmctoral  stability,  inhibiting 
the  exaggerated  grain  growth  that  is  known  to  contribute  to  the  loss  of  strength  typically 
observed  tor  commercial  "SKT  fibers  at  high  temperatures  (1200-1800  *0  [271.  The  SiC/AIN  solid 
solution  has  alee  been  reported  to  have  superior  strength  and  oridation  resistance  compared  to 
either  SiC  or  AM  alone  [281 

We  have  aloe  explored  the  use  of  both  precursor  mixtures  and  specially  designed  siagle- 
componeat  precursors  to  prepare  nanocrystalline  composites  of  AlN/SiC,  AlN/Si^N^  BN/S13N4, 
AIN/BN,  and  BN/TiN  [291  We  have  demonstrated  that  such  precursors  can  be  used  to  obtain 
extremely  fine-grained  (typically  less  than  100  nm),  homogeneously  mixed  composite  powders  of 
these  crystalline  ceramic  phases.  Moreover,  these  fine-grained  mixtures  resist  coarsening  during 
exposure  to  temperature  in  excess  of  1500  °C.  Such  mixed-phase  ceramics  may  be  useful  as 
matrices  for  SiC-reinforced  composites,  in  applications  requiring  superplasticity,  or  as  tough 
monolithic  materials  in  their  own  right. 
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Poiy(silaethylene)  the  “Silaethylene”  Analog  of 
Polyethylene  and  a  High  Yield  Precursor  To  SiC 

Uni-lung  Wu  and  Leonard  V.  Interrante* 
Department  of  Chemistry 
Rensselaer  Polytechnic  Institute 
Troy,  NY  12180 

Introduction 

Our  prior  work  on  the  ring-opening  polymerization  or 

1.1.3.3- tetrachloro-l,3-di8ilacyclobutane  to  give  polyidichloro- 
silnethylene)  and  the  subsequent  reduction  of  this  polymer  to 
poly(silaethylene)  provide,  for  the  first  time,  a  feasible 
synthetic  route  to  this  novel  analog  of  polyethylene.1  In 
contrast  to  the  earlier  approach,  which  started  directly  from 

1.3- disilacyclobutane,2  this  new  method  yields  a  high 
molecular  weight  (Mw=32800;  Mn=  10800)  linear  polymer  that 
is  soluble  in  hydrocarbon  solvents  and  which  ehows  the 
expected  double  quintet  *H  NMR  spectrum  for  the 
(-SiH2CH2-)n  repeat  unit.  In  our  earlier  report  of  the 
synthesis  of  this  polymer,  we  noted  that  it  undergoes  pyrolysis 
in  high  yield  (up  to  87%)  to  form  nanocrystalline  SiC  by 
1000°C.  This  observation  contrasts  with  the  general 
supposition  in  ceramic  precursor  chemistry  that  linear 
polymers  invariably  give  low  ceramic  yields  due  to  loss  of 
volatile  species  via  "backbiting",  and  that  a  prerequisite  for  a 
high  ceramic  yield  precursor  is  an  initially  crosslinked 

polytner.3 

We  now  report  the  results  of  a  comparative  study  of  the 
pyrolysis  of  poly(silaethylene)  and  its  methyl-substituted 
derivatives,  poly(silapropylene)  and  poly(silabutylene)  as  well 
as  some  of  the  basic  physical  properties  of  this  novel  silicon 
analog  of  polyethylene. 

Experimental 

All  manipulations  were  carried  out  in  oven-dried  glassware 
under  nitrogen  following  standard  inert-atmosphere 
techniques."1  All  solvents  were  distilled  from  appropriate 
drying  agents  under  a  nitrogen  atmosphere  prior  to  use.®  The 
reagents  employed  were  available  commercially  unless 
otherwise  indicated. 

Preparation  of  poly(silnethylene)  was  carried  out  ns 
described. la  Cases  evolved  during  pyrolysis  were  analyzed  by 
connecting  an  evacuated  quartz  tube  which  contained  the 
polymer  to  a  mass  spectrometer.  The  quartz  tube  was  then 
heated  to  1000°C  at  3°C/min.  and  the  gaseous  species  evolved 
were  monitored  by  the  mass  spectrometer.  The  measurement 
of  the  melting  point  of  polytsilaethylene)  was  carried  out  by 
placing  a  sealed  capillary  tube  containing  the  polymer  in  a 
stirred  ethanol  bath  and  then  adjusting  the  temperature  of  the 
bath  by  adding  powered  dry  ice. 

Results  and  Discussion 

Linear  polyethylene  is  well  known  for  its  gTeat  tendency  to 
crystallize  and,  to  a  large  extent,  its  mechanical  and  other 
physical  properties  depend  on  its  crystallinity.®  It  is  a  solid  at 
room  temperature  and  undergoes  a  melting  transition  at 
141°C.7  in  contrast,  the  mono-silicon  analog  of  polyethylene, 
poly(silaethylene),  is  a  liquid  at  room  temperature  and  does 
not  crystallize  until  cooled  below  ca.  l'C.  When  this  polymer 
was  slowly  cooled  to  4°C,  a  white  opaque  gel  was  observed.  A 
white  solid  was  obtained  when  the  sample  was  further  cooled 
to  t°C.  On  slow  warming,  this  solid  began  to  melt  at  5°C  and 
became  a  viscous  liquid  at  12°C.  The  lower  Tm  of 
polytsilaethylene)  than  that  of  polyethylene  may  be  due  to  the 
appreciable  difference  in  the  effective  van  der  Waals  radii  of 


the  -SiH2-  and  -CH2-  groups,  leading  to  a  higher  entropy 
crystallization.  Further  studies  of  this  transition,  and  of  tl 
solid  phase  obtained  below  5°C,  are  currently  in  progress. 

The  results  of  a  comparative  TGA  study  carried  out  i 
poly(silaethylene)  and  its  mono-and  dimethyl-derivative 
poly(silapropylene)  and  poly(eilabutylene),  are  shown 
Figure  1.®  These  three  polymers  show  different  therm 
decomposition  onset  temperatures,  with  the  parei 
poly(silaethylene)  undergoing  significant  weight  loss  beginii 
near  around  3 00°C.  whereas  the  monomethyl-derivativ 
poly(silapropylene),  begins  to  decompose  rapidly  by  420°C  ar 
the  dimethyl-derivative,  poly(silabutylene)  persists  to  arour 
450°C  before  undergoing  rapid  depolymerization.  On  the  oth< 
hand,  the  yield  of  the  ceramic  product  left  after  pyrolysis  varv 
in  the  inverse  order,  with  poiy(silabutylene)  essential 
completely  vaporizing  by  ca.  550°C.  If  we  assume  that  tl 
decomposition  of  poly(silabutylene)  represents  the  ons- 
temperature  of  thermolysis  for  the  SiC  backbone,  it  is  apparei 
that  this  process  becomes  rapid  by  around  600°C.  In  the  ca? 
of  the  Si-H  containing  polymers  this  process  is  apparent) 
preceeded  by  some  sort  of  thermally-induced  cross-linkin 
process.  This  process  was  studied  in  more  detail  in  the  case  • 
poly(silaethylene)  by  mass  spectrometric  analysis  of  tl- 
gaseous  products  released  as  a  function  of  temperature. 

No  gaseous  species  were  detected  by  mass  Bpectrometi 
below  300°C,  suggesting  that  the  small  amount  of  weight  lo; 
observed  below  this  temperature  represents  loss  of  volati: 
oligomers.  Beyond  ca.  300°C,  the  evolution  of  H2  in  signifies) 
quantity  was  detected,  which  continues  as  the  major  gaseot 
byproduct  throughout  the  remainder  of  the  total  weight  lo; 
observed  between  300  and  ca.  700°C.  This  loss  of  H2  seems  i 
have  a  bimodal  distribution  with  respect  to  the  eampl 
temperature,  with  a  apparent  minimum  near  525°C.  We  ar 
currently  studying  the  SiD2CH2  analog  of  this  polymer  i 
order  to  determine  whether  this  bimodal  H2  loss  might  refle- 
the  preferential  loss  of  H2  from  Si  initially,  followed  1 
thermolysis  of  the  remaining  CH,  graups. 

Other  gases  detected  in  much  smaller  concentrations  we 
methane,  C2  hydrocarbons,  methylsilane.  dimethylsilane  ar 

1,3-disilacyclobutane.  The  evolution  of  these  gases  becan 
measurable  only  beyond  400°C  and,  in  the  case  of  methan 
reached  a  maximum  at  ca.  550°C.  whereas  the  other  gas- 
were  detected  only  between  400  and  500°C. 

The  observation  of  significant  H2  loss  beyond  300°C  fro 
poly(silnethylene)  suggests  tlint  loss  of  Ha  from  RIM3  groups  I 
some  sort  of  radical  or  concerted  molecular  (or  intermoleculo 
process  may  be  operative.  The  difference  in  the  therm 
stabilities  of  the  above  three  polymers  is  reminescent  of  tl 
results  of  earlier  studies  of  the  thermal  decomposition  of  tl 
methylsilanes.  Me4.nSiHn.  where  Me2SiH2  decomposes  at 
significant  rate  by  600°C.  whereas  MesSiH  is  stable  to  arour 
620°C  and  SiMe4  only  exhibits  significant  decompositir 
beyond  ca.  700°C.®  In  addition  to  the  cleavage  of  SiH  to  for 
Si  radical  species,  which  is  highly  surface  dependant,10  tl 
loss  of  H2  and  alkanes  from  organosilanes  containing  SiF 
groups  is  known  to  proceed  by  reactions  involving  1.1-  or  1. 
elimination  to  form  silytene  species.11  Either  type  of  reactii 
in  the  case  of  poij (silaethylene)  would  generate  Si-basr 
reactive  species  that  could  cause  interchain  coupling,1 
resulting  in  extensive  crosslinking  of  the  polymer  prior  to  tl 
temperature  at  which  interchain  Si-C  cleavage  becomt 
significant.  This  would  lead  to  high  ceramic  yields 
essentially  pure  SiC,  as  was  observed  for  poly(silaethylene). 

Studies  of  the  poly(silaethylene)-to-SiC  conversion  whit 
employ  both  1R  and  solid  state  NMR  spectroscopy  are  current 
underway  and  will  be  reported  in  the  presentation. 
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Figure  1.  TGA  Plots  of  (a)  Polyisilaethylene),  (b)  PolyUila- 
propylene),  (c)  Polyisilabutylene). 
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NMR  spectrometers  (CHEM) 

XRD  Facility  (MAT) 

4.  in  connection  with  Institute  activities: 


Please  attach  a  full  description  of  the  invention,  including 
necessary  sketches  and  drawings. 
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I.  Descriptive 

1.  Title  of  invention  Carbosllane  Polymer  Precursors  to  Silicon 

Carbide  Ceramics 

2.  Brief  description.  Is  this  invention  a  new  process,  composition  of 
matter,  a  device,  or  one  or  more  products?  A  new  use  for,  or  an 
improvement  to,  an  existing  product  or  process?  This  Invention  consists 

of  a  new  hydrido-polycarbosllane  of  branched  structure  approximated  by  the  formula 
[SiHxCH2]n  and  variations  of  this  polymer  for  Improved  crosslinking  properties  such 
as~[SiHxCH2]n-z  . CSiHx_x(V1  )CH23z  wh1ch  91ve  9°od  of  s<c  pyrolysis 
(see  attached  sheet)  _ - 


Use  additional  sheets  to  elaborate,  or  attach  descriptive  materials. 

3.  From  the  description,  pick  out  and  expand  on  novel  and  unusual  features 
How  does  the  invention  differ  from  present  technology?  What  problems 

does  it  solve,  or  what  advantages  does  it  possess? _ 

Precursor  has  1:1  SI  to  C  ratio,  (no  extra  carbon).  Tow  oxygen  content,  and 
only  hydrogen  substitution.  Up  to  *  91*  ceramic  yield  Is  possible  (actual  yields 
'v  60-75*  so  far)  (see  attached  sheet) _ _ 


4.  If  not  indicated  previously,  what  are  possible  uses  for  the  invention? 
In  addition  to  immediate  applications,  are  there  other  uses  that  might 

be  realised  in  the  future?^ _ _ _ - _ _ 

A  variety  of  appllcatons  for  manufacture  of  SIC  fiber,  matrix  of  composites. _ 


ceramic  binder,  etc.  (see  attached  sheets) 
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Does  the  invention  possess  disadvantages  or  limitations?  Can  they 
be  overcome?  How?  Chloromethyl-trichlorosilane  [Cl ^SiCH?Cl j,  the  precursor 

for  the  polymer  is  relatively  expensive.  The  molecular  weight  of  polymers  formed 

by  coupling  processes  is  relatively  low  compared  to  typical  free  radical  or  ring 

opening  processes _ (see  attached  sheet) 
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Enclose  sketches,  drawings,  photographs  and  other  materials  that  help 
illustrate  the  description.  [Rough  artwork,  flow  sheets,  Polaroid 
photographs  and  penciled  graphs  are  satisfactory  as  long  as  they  tell 
*  cle“  and  understandable  story.  1  (,„  4ttleht)t  shMt  f„  dUgram) 
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and  attach  copies  insofar  as  possible.  Include  manuscripts  for 
publication  (submitted  or  not),  news  releases,  feature  articles 

and  items  from  internal  publications.  A  paper  will  be  submitted  for  public. 

tion  in  J.  Mat,  Chem.  describing  preparation,  characterization  and  conversion  to 
SiC,  but  is.  not  ready  as  of  yet.  A  number  of  Internal  progress  reports  discuss 
the  preparation,  characterization,  and/or  conversion  to  SiC  of  this  precursor. 

2.  Are  laboratory  records  and  data  available?  Give  reference  numbers  an 
physical  location,  but  do  not  enclose.  "*e  preparation  characterization, 

conversion  to  SIC  and  relevant  spectra,  analysis  reports,  etc,  described  in 

Tab  notebook  (Cogswell  121) _ 


3.  Are  related  patents  or  other  publications  known  to  the  inventor?  Pie 

list.  US  Pat.  No.  4,631,179  Smith, J.C. process  for  the  production  of  SiC  hy _ 

the  pyrolysis  of  pol yea rbosi lane  polymer.  Patent  appears  to  cover  the  process  o 

ring  opening  polymerization  of  l,3,disil acyclobutane  (HySi^SiH?)  by  various 

catalysts  (mainly,  H?PtClg)  In  hydrocarbon  solvents  to  yield  a  viscous  liquid  or 
clear  "cane"  "shown  to  have  a  linear  structure"  and  pyrolysis  under  A r  at  <Jt)0oC 

4.  Date,  place  and  circumstances  of  first  public  disclosure.  SIC  in  ^Styi 

Two  OARPA  meetings,  department  seminar,  talks  to  visitingprofessors.  Glen  Slack 
(GE),  Larry  Snedden  (U.Penn),  and  others _ 
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specific  persons  if  possible.  Unknown 


a).  Do  you  know  of  other  qualified  firms?  Please  list. 
General  Electric  Co.,  AKZO  Chemicals,  Inc.,  Enichem. 


,i)mr  precursor  to  silicon  carbide  ceramics. 

Alan  is  a  new  branched  polymeric  precursor  of  formula  [S1HxCH2]n 
to  branching;  x»Q,l,2,  or  3  if  end  groups].  On  pyrolysis  this  polymer 
silicon  carbide  in  >60X  ceramic  yield  depending  on  crosslinking  pro- 
Jure.  The  polymer  Is  made  by  slow  addition  of  chloromethyl-trichlorosilane 
jo  refluxing  ether  and  magnesium  powder  under  nitrogen  atmosphere,  followed 
extensive  refluxing  to  drive  the  coupling  reaction  to  completion.  The 
product  at  this  stage  is  branched,  primarily  head-tail  coupled  polymer 
of  the  formula  [SiC1xCH2]n.  Subsequent  reduction  with  lithium  aluminum 
hydride/ether  yields  the  final  polymer  [S1HxCH2]n(due  to  branching;  x*0, 

1,2 ,  or  3  if  end  group). 

3.  Currently  existing  polymeric  precursors  for  silicon  carbide  contain  large 
excesses  of  carbon,  usually  as  alkyl  substitution  on  silicon,  but  occasionally 
In  the  polymer  backbone  as  well.  These  groups  do  not  completely  eliminate 
as  hydrocarbon  gases  during  pyrolysis,  resulting  in  significant  excess 
carbon  In  the  ceramic  products.  In  addition,  many  coomerclal  precursor 
systems  for  silicon  carbide  are  prepared,  crossllnked,  or  pyrolysed  in 
such  a  manner  that  large  amounts  of  oxygen  are  Incorporated,  resulting 
in  product  containing  silica  ( SlOg)  as  impurity.  It  is  well  known  .'.at 
both  carbon  and  silica  seriously  degrade*  the  desirable  refractory  properties 
of  silicon  carbide.  This  new  carbosilane  precursor  contains  a  one  to  one 
ratio  of  carbon  to  silicon  with  only  hydrogen  substitution.  Since  only 
hydrogen  has  to  be  eliminated,  up  to  ,v9U  ceramic  yield  Is  possible,  and 
potential  excess  carbon  is  eliminated.  Typically,  If  no  special  crosslink¬ 
ing  procedure  is  performed,  about  60X  ceramic  yield  is  observed  (TGA/N2) 
due  to  some  depolymerization  before  -Irect  thermal  crosslinking  (via  SI-SI 
bonds)  occurs.  In  addition  to  thermal  methods,  crosslinking  can  be  achieved 
by  hydrosllatlo-'  using  difunctional  vinyl  compounds  or  alkyenes  and  a  suitable 
catalyst  such  as  H2PtClg. 

The  “chloro“  compound  ([S1C1XCH2]\. Is  useful  precursor  to  a  variety  of 
derivatives  via  Grlgnard  or  organolithium  reagents  before  the  reduction 
step.  For  example  reaction  of  [S1C1xCH21i with  ^  5%  vinyl magnesium  bromide 
before  reduction  yields  a  viscous  liquid  polymer  with  pendent  vinyl  groups 
in  addition  to  the  usual  S1-H  functionality  which  was  readily  crossllnked 
by  heating  with  chloroplatinic  acid.  The  product  was  an  insoluble,  infusible, 
pale  yellow,  glassy  solid  which  gave  75X  ceramic  yield  (85X  theo.)  on  pyrolysis 
(TGA/N2). 

4.  Potential  applications  for  this  polymer  precursor  Include: 

a.  Preparation  of  high  strength,  refractory  SIC  fiber  for  composites  by 
spinning,  crosslinking,  then  pyrolysis  In  N2  or  other  nonreactive  atmos¬ 
phere. 

b.  Formation  of  matrix  of  composites  by  1  or  more  cycles  of:  impregnation 
of  various  ceramic  or  metal  fibers,  crosslinking,  pyrolysis. 

c.  Ceramic  binder  via  mixing  polymer  with  various  ceramic  or  metal  powders 
or  whiskers,  crosslinking,  pyrolysis. 

d.  Strengthening  of  porous  hotpressed,  sintered  or  bonded  ceramics  by 
I  or  more  cycles  of:  vacuum  or  pressure  assisted  Impregnation,  and 
refiring, 

e.  Direct  Injection  molding  of  polymeric  pre-ceramic  objects,  with  or 
without  ceramic  or  metal  powder  or  whiskers  as  filler;  crosslinking 
and  pyrolysis  to  monolithic  ceramic  parts  with  complicated,  near-net 
shapes. 


jro  of  polywar  with  a  suitable  precursor  for  another  ceramic  (AIN, 
jftHt  SI3N4,  etc.)  to  facilitate  the  production  of  solid  solutions, 
Jr  mi  phases,  not  readily  obtainable  by  current  powder  processing 
Jpchnology. 

By  modification  of  the  "chloro"  polymer  (S1ClxCH2)n  with  suitable  side 
groups: 

1.  preparation  of  polymeric  nonlinear  optical  materials 

2.  preparation  of  heat  resistant  polymers  or  elastomers 

5.  Potential  drawbacks  of  the  system: 

The  precursor  for  the  polymer  [chloromethyl-trlchlorosllane;  CI3SICK2CI] 

Is  relatively  expensive  ('vS80/100g)  but  cost  should  drop  If  large  scale 
production  Is  developed.  The  polymerization  method  (Grlgnard  coupling) 
tends  to  be  limited  to  lower  mw  than  typical  organic  type  polymerizations. 
This  may  be  a  limitation  for  some  types  of  appllcatons,  however,  even  this 
lower  mw  polymer  can  be  quite  viscous,  and  resistant  to  depolymerization 
on  heating. 
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April  23,  1992 


Dr.  Leonard  V.  Interrante 
Rensselaer  Polytechnic  Institute 
Department  of  Chemistry 
Troy,  New  York  12180-3590 

Re:  Patent-  Application  ACR  5621 

Whitmarsh.  Interrante _ 

Dear  Len: 

We  have  just  been  informed  of  the  allowance  of  claims  to  the 
polycarbosilane  compositions  described  in  the  above  application 
and  to  their  process  of  manufacture.  A  sample  of  the  allowed 
independent  claims  is  reproduced  on  the  attached  sheet.  Please 
circulate  copies  of  this  letter  to  the  appropriate  Rensselaer 
personnel  who  should  know  of  this  event.  We  plan  to  pay  the 
issue  fee  in  about  two  months  and  the  patent  should  issue  two  to 
three  months  after  that. 

Separate  divisional  applications  could  be  filed  on:  (l)  the 
isolation  of  the  crude  poly (halocarbosilane)  and  treatment  with  a 
second  Grignard  coupling  process;  (2)  reduction  of  the  poly (halo¬ 
carbosilane)  with  a  reducing  agent;  and  (3)  crosslinking  of  the 
polycarbosilane  precursor  with  hydrosilation  catalyst.  However, 
in  view  of  the  claims  which  were  allowed,  we,  at  Akzo,  are 
inclined  not  to  support  the  expense  for  such  additional  filings. 
Conceivably,  Rensselaer  could  undertake  to  retain  outside  counsel 
to  pursue  such  additional  cases  if  such  additional  protection  is 
deemed  necessary. 
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cc:  J.  H.  Burk 
J.  Vleggaar 
F.  A.  Via 


Very  truly  yours, 

Richard  P.  Fennel ly 
Senior  Patent  Attorney 
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1  ACR  5621  US  T? 

CARBOSILANE  POLYMER  PRECURSORS 
TO  SILICON  CARBIDE  CERAMICS 

BACKGROUND, OF  THE  INVENTION 

Silicon  carbide  (SiC)  is  one  of  several  advanced  ceramic 
5  materials  which  are  currently  receiving  considerable  attention 
as  potential  replacements  for  metals  in  engines,  and  as 
structural  components  in  aerospace  vehicles.  Ceramics,  such 
as  SiC,  have  the  potential  to  outperform  currently  available 
super  alloys  in  terms  of  density,  corrosion  resistance,  and 
10  service  temperature.  Ideally  these  ceramics  would  be  in  the 
form  of  tough  composites,  or,  for  certain  less  demanding 
applications,  monolithic  objects.  Unfortunately,  these 
extremely  hard,  non-melting  ceramics  are  difficult  to  process 
by  conventional  forming,  machining,  or  spinning  equipment. 

15  Polymeric  precursors  to  ceramics,  such  as  Sic,  afford  a 

potential  solution  to  these  problems  as  they  would  allow  the 
use  of  conventional  processing  operations  prior  to  conversion 
to  a  ceramic  form.  A  ceramic  precursor  should  be  moldable  or 
sp inn able,  crosslinkable,  and  give  a  substantially  pure 
20  ceramic  product  in  high  yields  upon  pyrolysis.  Unfortunately, 
it  is  difficult  to  simultaneously  achieve  all  of  these  goals. 
Currently,  available  SiC  precursor  systems  tend  to  be  lacking 
in  one  or  more  of  these  areas. 

Yajima  (as  J.  of  Mater.  Sci.  13  (1978),  pp.  2569-2576) 

25  has  prepared  a  preceramic  polymer  by  a  thermally  induced 
methylene  insertion  reaction  of  readily  prepared,  but 
intractable,  poly(dimethylsilane] .  The  resulting,  tractable, 
polymer  is  only  approximately  represented  by  the  formula 
[SiHMeCH2]n  ,  a*  significant  amounts  of  unreacted  SiMe2  units, 

30  complex  rearrangements,  and  branching  are  observed.  Yajima's 
polymer  has  been  employed  to  prepare  "SiC"  fiber.  However,  it 
contains  twice  the  stoichiometric  amount  of  carbon,  and  must 
be  treated  with  various  crosslinking  agents  that  introduce 
contaminants.  This  results  in  a  final  ceramic  product  that 
35  contains  significant  amounts  of  excess  carbon  and  silica  which 
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greatly  degrade  the  high  temperature  performance  of  the  fiber. — 
Similar  problems  have  been  encountered  in  efforts  to 
employ  various  other  polysilanes  as  precursors  to  SiC  fiber 
and  monolithic  ceramic  objects.  All  of  these  precursors  have 
5  C/Si  ratios  considerably  greater  than  one,  and  undergo  a 
complex  series  of  often  ill-defined  thermal  decomposition 
reactions  which,  in  general,  lead  to  incorporation  of  excess 
carbon.  The  existence  of  even  small  amounts  of  carbon  at  the 
grain  boundaries  within  Sic  ceramics  has  been  found  to  have  a 
10  detrimental  effect  on  the  strength  of  the  ceramic, 

contributing  to  the  relatively  low  room-temperature  tensile 
strengths  typically  observed  for  precursor-derived  SiC  fibers. 

The  application  of  linear  polycarbosilanes  of  the  type 
[R2SiCH2]n,  where  R  ■  H  and/or  hydrocarbon  groups,  as  SiC 
15  precursors  has  received  much  less  attention,  presumably 
because  of  the  expected  low  ceramic  yield  due  to  chain 
"unzipping"  reactions.  Indeed,  studies  of  high  molecular 
weight  [Me2SiCH2]n  polymers  have  indicated  virtually  complete 
volatilization  on  pyrolysis  under  an  inert  atmosphere  to 
20  1000°c.  Recent  work  by  the  present  inventors  herein  on  the 

related  [MeHSiCH2]n  polymer  suggests  that  the  introduction  of 
Si-H  groups  leads  to  crosslinking  reactions  upon  pyrolysis  and 
subsequently  higher  ceramic  yields.  Hovevsr,  a  significant 
loss  of  volatile  organosilane  by-products  as  well  as 
25  hydrocarbons  upon  pyrolysis  was  still  evident. 

Schilling  (see  Ceramic  Bulletin,  Vol.  26,  No.  8,  1983  pp. 
912-915) ,  and  others  have  also  investigated  predominately 
linear  polycarbosilanes  prepared  via  potassium  dechlorination 
of  chloro-chloromethyl-dimethylsilane.  The  resulting  polymers 
30  have  not  been  fully  characterized,  but  probably  contain 
significant  amounts  of  Si-Si  and  CH2-CH2  in  the  polymer 
backbone.  Polycarbosilanes  with  various  substituents  on 
silicon  have  been  made  by  ring  opening  polymerization  [ROP]  of 
various  1, 3-disilacyclobutanes  by  treatment  with 
35  chloroplatinic  acid  and  related  catalysts.  Although  the 
mechanism  for  the  ROP  process  is  not  well  understood,  the 
polymers  typically  obtained  are  highly  linear  and  have 
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characteristically  higher  molecular  weights.  The  major 
drawback  to  ROP-derived  systems  is  the  difficulty  in  preparing 
the  cyclic  precursors  in  reasonable  yield  from  readily 
available  starting  materials. 

5  The  formation  of  carbosilane  polymers  with  pendent  methyl 

groups  was  reported  by  Kriner  as  by-products  during  the 
"reverse-Grignard"  reaction  of  chloromethyl-dichloro- 
methylsilane  to  prepare  carbosilane  rings.  These  polymers 
were  presumably  branched,  although  they  were  not  investigated 
10  in  any  detail. 

In  a  recent  patent  (U.S.  Patent  No.  4,631,179),  Smith 
describes  the  ring  opening  polymerization  of 
1, 3-disilacyclobutane  by  chloroplatinic  acid.  The  resulting 
polymer  is  claimed  to  be  linear.  Ceramic  yields  of  up  to  85% 
15  were  reported.  Little  information  is  given  concerning  the 
characterization  of  this  polymer,  or  the  resulting  ceramic 
products.  In  addition,  the  preparation  of  the  cyclic  monomer, 
[SiH2CH2 ] 2  is  not  discussed  at  all.  This  compound  is 
typically  available  only  by  rather  tedious  preparative  routes 
20  and  only  in  modest  yields  at  best.  Hence,  this  precursor 
system  is,  at  present,  not  commercially  practical. 

U.S.  Patent  No.  4,923,716  to  D.  W.  Brown  et  al.  describes 
the  chemical  vapor  deposition  of  silicon  carbide  using  a 
"single  molecular  species"  which  provides  rsactive  fragments 
25  containing  both  silicon  and  carbon  atoms  in  equal  number. 

Cyclic  structures  of  up  to  five  units  containing  silicon  and 
carbon  are  mentioned. 


SUMMARY  SE-IHELI 


The  present  invention  relates  to  the  preparation  of 
30  carbosilane  polymer  precursors,  of  the  structure  to  be 
described  in  greater  detail  below,  by  the  reaction  of  a 
polyhalocarbosilane  of  the  formula  [SiXxCH2]n,  where  n  can 

range  from  about  _  to  about  _  and  X  preferably  being 

chlorine  with  a  suitable  reducing  agent,  such  as  an  alkali 
35  metal  aluminum  hydride  (e.g.,  lithium  aluminum  hydride).  The 
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which  can  be  crosslinked  by  hydrosilation  (e.g.,  treatment 
with  H2 PtClg  at  150°C)  or  thermally.  The  crosslinking 
reaction  allows  one  to  "set  up"  the  polymer  during  or  after 
processing  as  might  be  needed  for  fiber  synthesis  or  Sic 
matrix  formation. 


5 
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1.  Polycarbosilane  compositions  of  matter  comprising  the 
repeat  units  [SiR^Hj]  and  [SiRx.1(CH*CH2)CH2] ,  where  R  is  hydrogen 
and  x  is  from  0  to  3  and  1  to  3,  respectively. 

2.  A  process  for  forming  polycarbosilane  compositions 
comprising  the  repeat  unit  [SiRxCH2],  where  R  is  hydrogen  and  x 
ranges  from  0  to  3  which  employs ,  as  starting  materials,  a 
halomethylcarbosilane  of  the  type  X4.xSi(CH2X)x,  where  X  is  halo 
and  x  is  from  0  to  3,  and  which  comprises  a  Grignard  coupling 
reaction  of  the  halomethylcarbosilane  with  magnesium  to  form  a 
poly (halocarbosilane)  followed  by  reduction  of  the 

poly (halocarbosilane) . 

3.  Substantially  non-cyclic,  branched  polycarbosilane 
precursors  for  silicon  carbide  having  a  substantially  i:i  silicon 
to  carbon  stoichiometry  which  are  comprised  of  the  repeat  units 
[SiHjCHj,-] ,  [-SiH2CH2-]-,  (»SiHCH2-J,  and  [  *SiCH2-]. 

4.  Substantially  non-cyclic,  branched  polycarbosilane 
precursors  for  silicon  carbide  which  are  comprised  of  the  repeat 
units  [SiRxCH2]  and  [SiH^,  (CH-CH2CH2] ,  where  R  is  hydrogen  and  x 
can  range  from  0  to  3  and  1  to  3,  respectively.  — 
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EXAMPLES 

All  manipulations  involving  air-sensitive  materials  were 
carried  out  in  oven-dried  glassware  using  standard  inert 
atmosphere  techniques.  Solvents  were  distilled,  under 
nitrogen,  from  appropriate  drying  agents.  Magnesium  powder 
[ #50  mesh]  was  reground  using  a  modified  pepper  grinder,  under 
nitrogen,  before  use.  Other  commercially  available  reagents 
were  used  as  received,  unless  otherwise  specified.  ^-H,  13C, 
and  29Si  NMR  were  run  on  a  Varian  XL-200  using  Dg-benzene  or 
Dg-toluene  as  solvents.  IR  spectra  were  taken,  as  neat  films, 
between  salt  plates  on  a  Perkin-Elmer  298  spectrometer.  Gas 
chromatographic  analyses  were  performed  on  a  Shimadzu  GC-9A 
equipped  with  a  Shimadzu  C-R3A  recorder- integrator  unit. 

Unless  otherwise  specified,  samples  separated  satisfactorily 
using  the  following  parameters:  6Ft.  SE-30  column,  100-2 50°C  @ 
15°C/min. ,  INJ  &  TCD  §  275°C,  He  @  45cc/min.  Elemental 
analyses  were  carried  out  by  either  Schwarzkopf 
Microanylitical  Laboratory,  Galbraith  Laboratories  Inc. ,  or 
LECO  Corporation. 

In  these  Examples,  the  Grignard  coupling  of 
chloromethyl-trichloro-silane  followed  by  reduction  with 
lithium  aluminum  hydride  has  been  investigated  by  1H,  13c, 

29si  NMR,  IR,  GPC  and  various  trapping  experiments  in  order  to 
characterize  both  the  intermediate  "chloro-polymer"  and 
"reduced  polymer".  For  simplicity  these  branched  polymers 
have  been  represented  by  the  formulas:  H[SiCl2CH2]n"  and 
"[SiH2CH2]n"  respectively,  although  it  will  be  shown  that 
their  structure  is  actually  somewhat  more  complicated.  The 
reduced  polymer  incorporates  extensive  Si-H  functionality  and 
a  nominal  1:1  silicon  to  carbon  ratio.  On  heating,  direct 
thermal  crosslinking  is  observed,  leading  to  high  ceramic 
yields  of  a  black,  ceramic  product  found  to  contain  b-SiC  by 
X-ray  diffraction. 
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EXAMPLE  1 

Preparation  of  "Chloro-polymer"  [SiCl2CH2]n: 

Dry  ether  (1L)  and  30g  magnesium  powder  (1.25  mole)  were 
added  to  a  2L,  three  neck  (3N) ,  round  bottom  (RB)  flask 
5  equipped  with  a  reflux  condenser,  a  mechanical  stirrer,  and  a 
nitrogen  inlet.  Chloromethyl-trichlorosilane  (126  ml,  l.o 
mole)  was  added  over  about  8  hours  using  a  syringe,  at  a 
suitable  rate  to  maintain  a  vigorous  reaction.  Initially,  a 
few  drops  of  methyl  iodide  were  added  to  the  mixture  to  start 
io  the  reaction.  A  warm  water  bath  (50°C)  was  also  employed,  as 
necessary,  to  help  maintain  the  reaction  rate.  After  the 
addition  was  complete,  a  highly  air-sensitive,  dark  brown 
solution,  containing  only  small 

amounts  of  magnesium  chloride  and  excess  magnesium  was 
15  obtained.  Continued  reflux,  for  2-5  days,  caused  a  gradual 
color  change,  to  brownish-yellow,  as  large  amounts  of  MgCl2 
precipitated.  Due  to  the  large  volume  of  solid  which  formed, 
addition  of  more  ether  was  required  to  maintain  a  reasonably 
fluid  consistency.  Since  the  MgCl2/Mg  solids  would  not  settle 
20  out,  and  the  material  clogged  during  all  attempts  at 

filtration,  the  (SiClxCH2]x  material  was  separated  in  a 
nitrogen-filled  glove-bag  by  pouring  the  slurry  onto 
oven-dried  fiberglass  cloth  placed  over  a  suitable  container. 
Careful  squeezing  allowed  rapid  removal  of  80-90%  of  the 
25  solids.  The  remaining  solids  rapidly  settled  from  the 
resulting  yellow  ether  solution  of  [SiCl2CH2]n  material, 
allowing  separation  by  canulla  transfer.  The  solution  was 
stripped  of  ether  under  vacuum  with  the  aid  of  a  50°C  water 
bath  to  yield  [SiClxCH2]n  material,  a  dark  yellow-brown, 

30  mildly  air-sensitive,  viscous  oil,  in  45-50%  yield  (based  on 
an  assumed  "average"  formula  [SiCl2CH2]n) . 

XR:  [cm*1]  2980s,  2930m,  2900m,  1440m,  1385m,  1345m,  1290W, 

1260m,  1160m,  1100->1030vs,  965s,  815->755vs.  NMR,  decoupled, 
ppm  vs  TMS,  all  peaks  were  complex  multiplets  or  broad. 
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XH  0. 2->l. 5/(25)  ,  -1.9->2. 3/(1. 0)  ,  3 . 6->4 . 1/ (3 . 6) 
ppm/ ( Integration) 

13C  8->24  (major  portion,  several  multiplets) ,  29->33, 

56->61 

29Si  -20->  -12.5,  -6->2  (both  minor),  2->10,  13->28  (major) 
Elemental  Analysis: 

Calculated  for  [SiCl2CH2]n;  the  theoretical  "average"  repeat 
unit:  C:10.63,  H:1.77,  Si:24.80,  Cl:62.80 

Calculated  for  [SiCl1>26  °0.44/2Et0.14OEt0.16CH2^n 
(Approximate  formula  suggested  by  NMR,  IR  studies,  actual 
analysis).  C:21.89,  H:3.99,  Si:31.92,  0:7.07,  Cl:37.34 

Found  values:  C:21.09,  H:4.14,  Si:22.30,  Cl:37.3412 

Reduction  of  "  [SiClxCH2]n"  to  "  [SiHxCH2)n": 

Typically,  about  1/2  mole  of  [SiClxCH2]n  (as  [SiCl2CH2]n) 
in  500  ml  ether  was  transferred  to  a  1L,  3N,  RB  flask  equipped 
with  reflux  condenser,  magnetic  stirrer,  nitrogen  inlet,  and 
cool  (10°C)  water  bath.  About  12.3  g  LiAlH4  (1.3  mole  H”,  30% 
excess) .  suspended  in  200  ml  ether,  was  added  over  30  minutes, 
via  canulla  or  syringe,  with  rapid  stirring.  The  resulting 
light  grey  suspension  was  refluxed  overnight  under  nitrogen. 
The  large  excess  of  LiAlH4  was  employed  due  to  the  uncertainty 
in  the  amount  of  Si-Cl  functionality  in  the  polymer. 
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EXAMPLES  2-3 

Workup  of  Crude  [SiHxCH2]x: 

EX&MPLE.-2 

Aqueous  workup: 

5  Initially,  approximately  3M  HC1  was  added,  dropwise,  to 

the  rapidly  stirred  LiAlH4/polymer  slurry  from  Example  1. 

After  the  reactivity  lessened,  about  1  liter  of  the  acid  was 
poured  in,  resulting  in  the  dissolution  of  the  lithium  and 
aluminum  salts.  The  ether  layer  was  separated,  again  washed 
10  with  dilute  HC1,  and  the  ether  was  stripped  off  to  yield  a 
cloudy,  yellow  oil.  This  oil  was  redissolved  in  pentane  to 
drive  out  small  amounts  of  emulsified  water  and  residual 
aluminum  complexes.  After  settling,  the  transparent  yellow 
pentane  solution  was  easily  separated  from  the  residue  and 
15  stripped  of  solvent,  under  vacuum,  with  warming  to  75°C.  A 
viscous,  transparent,  pale  yellov  polymer  was  obtained  in 
about  85%  yield  (or  40%  overall,  from  Cl3SiCH2Cl)  based  on  the 
assumed  formula  [SiH2CH2]n  for  [Sil^CHj],,. 

IR  (cm”1)  2950m,  2920m,  2870m,  2140VS,  1450W,  1350m,  1250w, 

20  1040s,  9 3 Ovs ,  8308,  760vs. 

NMR,  decoupled,  (ppm  vs  TMS)  all  peaks  are  complex  multiplets 
or  broad. 

XH  -0.4->  -0.05,  -0.05->0.3,  3.55->3.85,  3.85->4.1,  4 . l->4 . 3 
13c  -l2->9 ,  (major  portion),  12.5->16,  23->26. 

25  29si  -66->  -53  (4  large  singlets  and  small  multiplets) ,  -39-> 
-26,  -14->  -8,  0. 0->5,  (all  complicated  multiplets). 

29Si  (coupled)  -73->  -45  several  overlapping  quartets, 

JSi-H  about  200  Hz.,  other  multiplets  become  more  complicated. 
29Si  (decoupled,  DEPT,  mult.«1.5)  -66->  -53,  -14->  -8; 

30  (positive)  -39->  -26;  (negative). 

Elemental  Analysis: 

Calculated  for  SiH2CH2;  theoretical  "average"  formula: 
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C: 27 . 27 ,  H: 9 . 09 ,  Si:63.63,  Cl:  0,  0:  0  Calculated  for 
*siH1.53Et0. 14CH2^n  (Approximate  formula  suggested  by  NMR,  IR, 
studies,  and  elemental  analyses). 

C:  32 . 26 ,  H: 8 . 19 ,  Si:58.8 

5  Found:  C:28.26,  H:7.36,  Si:48.71,  cl:1.63,  0:0.02* 

*  Oxygen  analyses  by  LECO.  The  values  ranged  from  0.01% 
to  0.02%  for  three  trials. 

Gel  Permeation  Chromatographic  analysis  (GPC)  of  [SiHxCH2]n: 
GPC  of  the  reduced  polymer  was  performed  on  a  Waters  600 
0  solvent  delivery  system,  410  RI  detector  and  745  data 

processing  unit,  waters  Ultrastyragel  columns  of  100,  500, 
and  10,000  A  porosity  were  kept  at  40°C.  Helium-sparged 
toluene  at  a  flow  rate  of  0.6  ml/min  was  used  as  the  eluent. 
Molecular  weights  were  obtained  from  a  15  point  calibration 
5  curve  by  using  polystyrene  standards  from  200  to  470,000  amu. 

A  wide  MW  distribution  of  300->80,000  amu,  with  the  majority 
of  the  polymer  falling  between  300-3000  amu  was  observed.  The 
MWn  (750),  MWw  (5200)  and  polydispersity  (6.9)  reflect  the 
broad  MW  distribution  of  this  polymer. 
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EXAMPLE  3 


Non-aqueous  Workup: 

The  crude,  reduced  mixture  was  stripped  of  as  much  ether 
as  possible,  under  vacuum,  with  heating  to  50°C.  The 
5  resulting  solids  were  extracted  with  pentane,  allowed  to 

settle,  and  the  clear,  yellow  pentane  solution  was  transferred 
by  cannula  to  remove  the  polymer  from  the  lithium  and  aluminum 
salts.  The  solution  remained  clear  yellow  during  removal  of 
the  solvent  under  vacuum,  only  a  gradual  increase  in  viscosity 
10  was  observed.  Finally  an  extremely  viscous,  yellowish, 

air-sensitive  polymer  was  recovered  in  about  85%  yield.  The 
IR  spectrum  of  this  material  was  identical  to  that  from  the 
aqueous  workup,  except  for  tvo  additional  peaks:  193 Ow,  67 ow 
cm"1  respectively. 

15  1H  NMR,  decoupled,  (ppm  vs  TMS) 

-0 . 6->l . 2  (broad),  0.8->l.l  (superimposed,  less  broad 
peak) 

3 . 6->3 . 9 ,  3 . 9->4 . l ,  4.1->4.3  (3  adjacent  broad  peaks) 
integration  ratio  2.8:1  for  the  two  sets  of  broad  peaks 
20  (for  OH  and  Si-H,  respectively). 

Elemental  Analysis: 

Calculated  for  SiH2CH2:  C:27.27,  H:9.09,  Si:63.63,  Al:  0 
Found:  C:20.88,  H:5.82,  Si:34.51,  Al:6.64 
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EXAMPLE  4 

Preparation  of  [SiDxCH2]n  : 

"Chloro-polymer"  (5.02  g,  0.0444  mole  as  [SiCl2CH2]n)  was 
reduced  with  1.165  g  of  LiAlD4  (0.111  mole  D~)  using  a  scaled 
5  down  version  of  the  procedure  employed  for  [SiHxCH2]n.  The 
reduction  was  followed  by  the  aqueous/HCl  workup  previously 
described.  The  product  was  a  pale  yellow,  viscous  liquid 
similar  to  [SiKxCH2]n. 

IR  (cm"1)  2960m,  2920m,  2870m,  2840m,  2120VV,  1540vs,  1450w, 

10  1350m,  1250m,  1035S,  940W,  890W,  750->850s,  675VS. 

1H  NMR  ppm  vs  TMS,  all  peaks  relatively  broad  singlets.  1.7, 
1.05,  -0.4->0.6 
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EXAMPLE  5 

Preparation  of  "(SiHxCH2]n"  Using  D10  Ether. 

The  "chloro-polymer"  was  prepared  as  previously 
described,  but  on  a  smaller  scale,  using  a  250  ml  3-neck  RB 
flask,  3g  Mg  powder,  3g  of  D10  ether,  40  ml  dry  pentane,  and 
one  small  drop  of  Mel.  Slow  addition  of  11.5  ml  (0.091  mol) 
of  Cl3SiCH2Cl  over  about  2  hours  (with  initial  heating  to 
start  the  reaction)  resulted  in  a  brownish  solution.  This 
mixture  was  refluxed  for  about  3  days  to  complete  the 
polymerization.  The  resulting  "chloro-polymer"  was  reduced  by 
direct  addition  of  3g  (0.08  mol)  of  LiAlH4  powder  to  the  crude 
products  over  about  l  hour,  and  the  mixture  was  allowed  to 
stir  for  4  hours.  Additional  non-deuterated  ether  (20  ml)  was 
then  added,  and  the  mixture  was  allowed  to  stir  at  room 
temperature  for  several  days.  After  the  reduction  was 
complete,  the  grayish  slurry  was  allowed  to  settle.  The 
yellowish  ether  layer  was  transferred  by  syringe  to  a  500  ml 
RB  flask  fitted  with  septum  and  an  oil  bubbler.  The  residual 
LiAlH4  was  killed  by  the  dropwise  addition  of  3M  HC1  while 
swirling  the  contents  in  the  flask.  Once  the  reaction  slowed 
sufficiently,  250  ml  of  3M  HC1  was  poured  in,  and  the  mixture 
was  swirled  for  several  minutes  before  being  transferred  to  a 
separatory  funnel.  The  resulting,  yellow,  ether  layer  was 
washed  once  more  with  250  ml  of  the  dilute  acid  before 
transfer  to  a  50  ml  RB  flask.  Ether  and  pentane  were  removed 
by  warming  (50°C)  while  flushing  with  nitrogen  for  a  few 
minutes.  The  resulting  polymer  was  redissolved  in  an  equal 
amount  of  pentane  to  drive  out  any  remaining  water  or  aluminum 
salts.  The  polymer  solution  was  separated  from  a  small  amount 
of  water,  and  stripped  of  pentane  by  flushing  with  nitrogen 
while  warming  to  about  50°C.  The  polymer  was  obtained  as  a 
viscous  transparent,  yellow  oil  similar  in  appearance  to  that 
from  the  preparation  described  earlier. 

1R  (cm”1)  2950W,  2920m,  2890W,  2205m,  2140VS,  1350m,  1250W, 

1115W,  1050VS,  940VS,  850VS,  765VS. 
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1H  NHR  (ppm  vs  TMS)  0.0  broad,  major,  0.9  minor,  1.35  minor, 
3.7  major,  4.1  major,  4.65  minor,  4.9  minor. 


15 


ACR  5621  US 


EXAMPLE  6 

Reduction  of  Solid  Residue  from  [SiClxCH2]n  Preparation: 

After  two  ether  extractions ,  the  residual  solids  from  the 
"chloro-polymer"  preparation  were  returned  to  the  2  liter,  3 
5  neck  flask,  in  a  nitrogen-filled  glove  bag,  and  about  1  liter 
of  dry  ether  was  added.  The  amount  of  reducible  material 
remaining  in  the  residue  was  unknown,  so  LiAlH4  was  added 
until  the  yellowish  slurry  assumed  a  light  grey  color 
suggesting  excess  LiAlH4  was  present.  This  slurry  was  allowed 
10  to  reflux  overnight.  The  "aqueous  work-up"  was  performed  in 
the  same  manner  as  that  for  the  soluble  fraction  of  polymer. 
Vigorous  foaming  during  the  initial  dropwise  addition  of  3M 
HC1  to  the  crude  product  showed  that  an  excess  of  LiAlH4  was 
present.  The  presence  of  large  amounts  of  MgCl2  does  not 
15  appear  to  affect  the  reduction  process  as  it  reacts  with 
LiAlH4  to  form  Mg(AlH4)2  which  has  the  same  reducing 
properties  as  LiAlH4 .  The  remainder  of  the  isolation 
procedure  was  substantially  identical  to  that  for  the  soluble 
"chloro-polymer"  reduction  products.  This  process  recovers 
20  variable  amounts  of  additional  reduced  polymer  corresponding 
to  15-25%  of  the  theoretical  yield.  The  IR  and  NMR  of  this 
product  was  similar  to  that  from  the  soluble  fractions  of  the 
"chloro-polymer".  GPC  was  also  quits  similar;  the  majority  of 
the  polymer  falling  between  400  and  3400  amu,  with  Mn  -  681. 
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EXAMPLE  7 

Trapping  of  Oligomers  as  Methoxy  Derivatives 

Chloromethyl-trichlorosilane  (0.5  mole,  63  ml)  was  added 
to  magnesium  powder  as  in  the  preparation  of  [SiClxCH2]n, 

5  except  that  the  resulting  brown  solution  was  refluxed  for  only 
30  min.  before  transferring,  by  canulla,  to  well  stirred, 
cooled  excess  methanol.  After  the  resulting  white  solids 
settled,  a  pale  yellow  solution  was  separated.  Removal  of  the 
excess  methanol  gave  a  liquid/solid  mixture,  which  was 
10  extracted  with  hexane,  and  distilled  under  N2.  The  major 
components  were  identified  as  (MeO)3SiMe,  and 
(MeO) 3SiCH2Si(OMe) 2CH2C1  by  boiling  point  and/or  NMR  data.  A 
yellow,  oily  liquid,  a  mixture  of  higher  weight  oligomers, 
accounting  for  about  25%  of  the  crude  mixture  remained  behind. 

15  (MeO)3SiMe  Bp.  105-11Q°C,  (103QC  Lit.) 

(MeO)3SiCH2Si(OMe)2CH2Cl  Bp.  150-160°C 

XH  NMR:  All  singlets,  (No.  of  protons  @  ppm)  reference:  TMS. 
(MeO)3SiMe:  30-0.28  (SiCH3),  903.37  (OCH3) 

(MeO) 3SiCH2Si(OMe) 2CH2C1: 

20  200.103  (SiCH2Si),  202.6  (CH2Cl) ,  1503.42 


(och3) 
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EXAMPLE  8 

Preparation  of  [SiHxCH2]n  Oligomers. 

Using  0.25  mole  of  Cl3SiCH2Cl  (31.5  ml)  the  initial, 
brown  solution  was  prepared,  as  above,  and  allowed  to  reflux 
5  for  one  hour.  The  solution  was  reduced  by  addition  of  30% 

excess  LiAlH4  as  a  suspension  in  ether  and  was  allowed  to  stir 
overnight.  After  aqueous/HCl  workup  and  solvent  removal, 
about  8  ml  of  light  yellow,  watery  liquid  was  recovered. 
Distillation  of  this  product,  under  N2,  yielded  only  about 
10  0.25  ml  of  liquid  before  undergoing  a  rapid,  exothermic, 

cross-linking  reaction,  with  much  gas  evolution,  to  form  a 
white,  foam-like,  glassy  solid.  The  fraction  obtained  was 
found  by  GC  to  be  80%  one  component,  identified  by  NMR  as 
H3SiCH2Si(H) 2CH2C1.  The  remaining  20%  consisted  of  several 
15  related  compounds  in  quantities  too  small  to  separate  and 
characterize  in  detail. 


H3SiCH2Si[H]2CH2Cl  Bp  75-85°C 

1H  NMR  (No.  of  protons  8  ppm  vs  TMS,  multiplicity):  2  8  -0.4 
sextet  (overlapping  triplet  of  quartets)  (SiCH2Si) ,  2  8  2.46 
triplet  (-CH2C1),  3  8  3.6  triplet  (-SiH3),  and  2  8  3.87 
overlapping  triplet  of  triplets  (nearly  a  quintet)  (-SiH2-) . 


20 
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SXftMELE.9 

Model  Coupling  Reaction  of  Me3SlCH2Cl  With  Me^SiCl: 

A  mixture  of  Me3SiCH2Cl  (0.1  mol)  and  excess  Me3SiCl  (0.2 
mol) in  100  ml  of  dry  ether  was  refluxed  for  three  days  under 
5  nitrogen  until  no  further  reaction  was  evident.  The  resulting 
MgCl2  was  allowed  to  settle,  and  the  ether  layer  separated. 

The  solvent  and  excess  Me3SiCl  were  stripped  off  under  vacuum 
giving  the  crude  products.  GC  of  this  crude  material,  in 
addition  to  small  amounts  of  residual  solvent  and  Me3SiCl, 

10  gave  85.7%  of  Me3SiCH2SiMe3,  the  expected  product  from  the 

Grignard  reagent  (Me3SiCH2MgCl) ,  formed  in  situ,  reacting  with 
Me3SiCl.  Only  2.56%  of  Me3SiCH2CH2SiMe3  (from  Me3SiCH2MgCl 
reacting  with  Me3siCH2Cl)  was  observed.  In  addition,  0.087% 
of  Me3SiOEt  was  observed,  the  retention  time  being  confirmed 
15  with  an  actual  sample.  No  observable  amounts  of  Me3SiCH2SiMe3 
(which  would  arise  from  direct  dechlorination  of  Me3siCl  by 
magnesium)  were  detected.  The  data  below  is  only  for 
Me3SiCH2SiMe3  as  the  other  components  were  present  in 
quantities  too  small  to  characterize. 

20  GC:  85.7%  Me3SiCH2SiMe3,  2.56%  Me3SiCH2CH2SiMe3 ,  0.087% 

Me3SiOEt  Bp  §  760mmHg  Me3SiCH2SiMe3  130-131°C,  (132°C  lit.) 

IR  (cm-1)  2950m,  2895w,  1420w,  1250m,  1055m,  840s,  690w. 

NMR:  1H:  Me3SiCH2SiMe3  (ppm  vs  TMS) :  0.045  (SiMe) ,  -0.345 
(SiCH2) 

25  13C  (DEC.):  1.106  (CH3Si),  4.025  (SiCHjSi)  29Si:  0.319 
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EXPERIMENTAL  RESULTS: • 

The  product  of  the  Grignard  coupling  reaction  was  a  dark, 
viscous,  mildly  air-sensitive  polymer.  The  trifunctional 
nature  of  the  silicon  end  of  the  initial  monomer  (Cl3SiCH2cl] 

5  suggested  that  the  polymeric  products  would  exhibit  a 
complicated  branched  structure.  Investigations  of  this 
polymer  by  13 C,  and  29Si  NMR  were  performed  in  order  to 
identify  the  functional  units  present.  In  the  NMR 
spectrum,  a  broad,  complex  peak  was  seen  near  1  ppm.  This 
10  peak  was  consistent  with  an  assignment  to  the  protons  of 
methylene  units  between  many  slightly  different  SiClx 
functionalities  which  were  the  result  of  the  extensive 
branching  of  the  polymer.  The  corresponding  carbons  for  these 
methylene  groups  are  believed  to  be  the  origin  of  the  several 
15  complex  peaks  observed  between  8  and  25  ppm  in  the  13C  NMR 

spectrum.  Several  groups  of  complex  multiplets  were  seen  in 
the  range  of  2->28  ppm  in  the  29Si  NMR  spectrum.  These  peaks 
are  attributed  to  [-CH2]4/2Si,  [-CH2]3/2SiCl,  [-CH2]2/2Sicl2, 
and  [-CH2]  3y2SiCl3  units  in  the  polymer.  At  first  it  would 
20  appear  that  these  units  represent  only  four  kinds  of  silicon, 
however,  differences  in  local  environments  due  to  the  complex 
branching  of  this  polymer  result  in  very  complex  multiplets, 
even  when  decoupled.  Additional  peaks  were  observed  in  the 
NMR  spectra  of  this  polymer,  indicating  that  other  functional 
25  groups  are  present  as  well.  The  NMR  spectrum  also  showed  a 
smaller,  broad  peak  at  3.8  ppm,  which  was  assigned  to  the 
-och2-  protons  of  ethoxy  groups.  The  peaks  due  to  the  methyl 
protons  for  these  ethoxy  groups  would  lie  near  1  ppm  and 
presumably  were  buried  under  the  carbosilane  methylene  peak. 

30  In  the  13C  NMR  spectrum,  the  carbons  from  the  -0CH2-  are 

deemed  to  give  rise  to  the  peaks  between  56  and  61  ppm.  Again, 
the  corresponding  methyl  carbon  peaks  would  be  buried 
under  those  due  to  si-CH2-si  in  the  polymer  chain.  The  29Si 
NMR  spectrum  shoved  smaller  up-field  multiplets  at  2->  -6,  and 
35  -17 . 5->  -20  ppm,  strongly  suggestive  that  oxygen  is  bound  to 

silicon,  in  addition  to  chlorine,  silicon  compounds  with  only 
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alkyl  and  chlorine  functionalities  generally  do  not  go 
up-field  of  0  ppm  in  the  29Si  NMR.  In  addition  to  Si-OEt, 
these  up-field  peaks  might  result  from  Si-Si,  or  Si-O-Si 
bonding  present  in  the  polymer. 

5  The  IR  data  also  support  the  conclusion  that  ethoxy 

substitution  has  occurred  during  the  preparation  of  the 
"chloro-polymer".  A  peak  of  medium  intensity  at  1160  cm*1  was 
consistent  with  the  C-0  functionality  of  SiOEt.  The  strong, 
broad  band  between  1000  and  1120  cm*1  was  suggestive  of  Si-OR 
10  and/or  Si-O-Si  functionality  in  addition  to  the  Si-CH2-Si 
deformation  band  from  the  carbosilane  "backbone"  of  the 
polymer.  The  peak  at  960  cm*1  was  also  characteristic  of  the 
presence  of  Si-OEt  groups. 

Thus,  evidence  from  several  sources  ( 1H#  13C,  29Si  NMR 
15  and  IR)  suggests  that  ethoxy  groups  and  other  Si-O- 

functionality  is  present,  in  addition  to  chlorine,  as 
substituents  on  silicon  in  this  "chloro-polymer".  In  addition 
to  this  data,  integration  values  from  the  1H  NMR  of  the 
"chloro-,  and  reduced  polymers,  and  elemental  analysis, 

20  suggest  the  approximate  "average"  formula, 

[Sicli.26i°0.44/2OEt0.l6Et0.14CH23n'  for  tiM  "chloro-polymer". 
The  1H  NMR  of  the  reduced  polymer  shows  ethyl  groups  that  are 
obscured  in  the  NMR  of  the  corresponding  "chloro-polymer"  due 
to  overlap  with  the  methylene  groups. 

25  Small  peaks  at  1.9->2.3  and  29->33  ppm,  in  the  1H,  and 

13 C  NMR  respectively,  have  been  assigned  to  unreacted 
chloromethyl  end  groups  in  the  polymer.  The  infrared  spectrum 
of  this  polymer  showed  medium- intensity  bands  at  1385  and  1160 
cm*1  which  were  consistent  with  CH2C1  groups  on  silicon. 

30  Reduction  of  this  branched,  chloro-polyoarbosilane 

[SiclxCH2]n  with  LiAlH4/ether  to  form  the  corresponding 
hydrido-polycarbosilane  has  been  investigated  by  two  routes 
differing  in  the  final  work-up.  Aqueous  workup  involved 
treatment  of  the  crude  reduction  products  with  dilute  KC1  and 
35  separation  of  the  polymer  in  ether.  The  non-aqueous  method 
consisted  of  stripping  the  ether  from  the  crude  reduction 
products,  under  vacuum,  yielding  sticky  solids  that  were 
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re-extracted  with  pentane  to  separate  the  polymer.  The 
aqueous  workup  was  easier  to  perform ,  but  involved  the 
potential  risk  of  oxygen  incorporation  into  the  polymer. 
Samples  of  polymer  resulting  from  both  methods  of  workup  were 
5  characterized. 

[Sil^CHj^  BY  AQUEOUS  WORKUP: 

The  product  from  the  aqueous  workup  was  a  highly  viscous, 
yellow  oil  that,  despite  extensive  Si-H  functionality, 
appeared  to  be  relatively  stable  to  air  exposure.  The  IR 
10  spectrum  of  this  polymer  was  consistent  with  the  proposed, 
highly  branched,  structure:  [SiHxCH2]n  (where  x«0,l,2,3). 
Strong  peaks  at  2140,  930,  830,  and  760  ca i"1  confirmed  the 
presence  of  SiH,  SiH2,  and  SiH3  groups.  The  disappearance  of 
the  bands  at  1160  and  960  cm**1,  and  the  narrowing  of  the 
15  SiCH2Si  absorption  due  to  loss  of  C-0  and  si-o  functionality 
in  the  polymer  suggested  the  reduction  of  Si-OR  and  si-o-si 
groups  to  Si-H.  The  absence  of  the  characteristic  peak  for 
SiCH2CH2Si  between  1120-1180  cm'"1  indicated  that  little  or  no 
head-to-head  coupling  was  present. 

20  The  1H  NMR  spectrum  of  the  reduced  polymer,  suggestive  of 

a  branched  structure,  consisted  of  complex  multiplets  and 
broad  peaks.  Two  groups  of  peaks  centsred  at  -0.2,  and  0.15 
were  attributed  to  the  various  SiCH2Si  environments,  as  well 
as  the  siCH2-  of  Si-Et  functionality.  Any  Si-Me  functionality 
25  in  the  polymer  would  also  be  deemed  to  appear  in  this  region. 
The  peak  near  1  ppm  was  consistent  with  the  "-CH3"  protons  of 
ethyl  groups  on  silicon.  Residual  chloromethyl  functionality 
not  reduced  by  LiAlH4  treatment  appeared  as  a  peak  at  1.65 
ppm.  This  peak  underwent  a  small  up-field  shift  when  the 
30  polymer  was  reduced,  as  would  be  expected  for  the  replacement 
of  the  electron-withdrawing  chlorine  atoms  on  silicon  by 
hydrogen.  The  three  groups  of  peaks  at  3.7,  3.95,  and  4.2  ppm 
closely  matched  the  values  for  the  SiH3,  SiH2,  and  SiH  groups 
of  a  series  of  "model"  compounds;  (Me3SiCH2]xSiH4.x  where 
X  -  l->3,  respectively. 
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The  resonances  due  to  Si-H  and  -OCH2-  groups  in  the 
proton  NMR  tended  to  overlap,  rendering  verification  that  all 
the  Si-OEt  on  the  "chloro-polymer"  was  reduced  difficult. 

This  problem  was  avoided  by  performing  the  reduction  of  the 
5  "chloro-polymer”  using  LiAlD4.  For  the  resulting 

deutero-polymer  ”[SiDxCH2]n” ,  1H  NMR  showed  no  peaks  in  the 
Si-H/OCH2  region  (3.5->4.3  ppm).  Apparently  neither 
functionality  exists  in  sufficient  quantity  to  be  observed, 
suggesting  that  reduction  of  Si-OEt  functionality  in  the 
io  polymer  was  complete,  or  very  nearly  so.  The  peaks  near  o.l 
and  l.o  ppm,  for  the  CH2  and  CH3  of  Si-Et,  respectively,  and 
the  peak  for  residual  CH2C1,  were  not  affected. 

The  infrared  spectrum  of  the  deutero-polymer  was  similar 
to  that  for  the  hydrido-polymer  except  for  changes  in  the 
15  position  of  the  peaks  for  the  Si-H  functionality  as  follows: 

[cm-1]  2130/1540,  940/675,  820/below  600.  Only  small  peaks  at 
2120,  940, and  890  cm-1  were  seen,  due  to  traces  of  Si-H  in  the 
deutero-polymer . 

In  order  to  confirm  that  the  peaks  seen  in  the  proton  NMR 
20  at  0.1  and  1.0  ppm  were  actually  due  to  ethyl  groups  from  the 
ether  being  incorporated  during  the  Grignard  coupling 
reaction,  the  preparation  of  the  "chloro-polymer”  was  run  in  a 
D10  diethyl  ether/pentane  mixture  followed  by  a  slightly 
modified  LiAlH4  reduction,  and  aqueous  workup.  The  proton  NMR 
25  of  this  polymer  showed  only  small  peaks  for  SiEt  functionality 
(probably  from  residual  protons  in  the  ether,  or  slight  proton 
exchange  during  the  preparation)  indicating  that  the  ethyl 
groups  originated  from  the  ether  during  the  coupling  reaction. 
The  only  other  significant  difference  in  the  proton  NMR  was 
30  the  greater  relative  amount  of  SiH3  (3.7  ppm;  free  end  groups) 
versus  SiH2/SiH  (4.1,  4.3  ppm;  in-chain/branched  groups) 
suggesting  that  the  molecular  weight  of  the  D5-Et  substituted 
polymer  was  somewhat  lower  than  with  a  typical  preparation. 
This  was  most  likely  a  result  of  poorer  solvating  ability  of 
35  the  mixed  D10-ether/pentane  solvent  required  for  this 

preparation.  The  infrared  spectrum  of  this  polymer  showed 
distinct  changes  in  the  C-H  stretch  region  that  were 
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consistent  with  the  proton  NMR  results.  The  D5-Et  substituted 
polymer  shows  new  peaks  at  2205  and  2070  cm"1  (due  to  C-D 
functionality)  with  corresponding  decreases  in  the  C-K  peaks 
at  2950  and  2850  cm"1.  Some  of  the  weaker  peaks  in  the  C-H 
5  bending  region  near  1400  cm"1  also  shifted  to  lower  wave 
numbers  presumably  lying  buried  under  the  strong  Si-CH2“Si 
deformation,  or  Si-H  bands. 

The  data  from  the  13 C  NMR  of  the  reduced  polymer  were 
consistent  with  assignments  from  the  1H  spectra,  the  major 
10  feature  being  a  broad,  complicated  multiplet  extending  from 
“12  to  8  ppm,  covering  the  same  range  as  the  peaks  arising 
from  the  methylene  carbons  between  silicons  of  the  "model" 
compounds  for  the  reduced  polymer.  A  small  group  of  peaks  at 
25  ppm  was  attributed  to  residual  SiCH2Cl  functionality  not 
15  completely  reduced  by  the  LiAlH4.  A  second  small  group  of 

peaks,  near  13  ppm  was  assigned  to  the  "-CH3"  carbon  of  ethyl 
groups  on  silicon.  The  " CK, "  carbons  of  the  Si“Et  groups  were 
presumably  buried  under  the  Si-CH2“Si  multiplet.  Peaks 
observed  near  63  ppm  in  the  13C  NMR  spectrum  of  the 
20  chloro-polymer  (assigned  to  the  -OCH2“  carbons  of  SiOEt 
groups)  were  not  seen  in  the  reduced  polymer,  again, 
indicating  that  the  ethoxy  groups  were  eliminated  during 
reduction. 

The  decoupled  29Si  "DEPT"  NMR  spectrum  (multiplicity  of 
25  1.5),  of  the  reduced  polymer:  [SiHxCH2]n,  showed  that  the 

groups  of  peaks  around  -8->  “14  and  several  resolved  singlets 
at  “53“>  “66  ppm  had  odd  numbers  of  hydrogens,  whereas  those 
between  -26  and  -39  had  an  even  number.  This  was  consistent 
with  assignments  as  [-CH2]3^2SiH,  [“CH2]1//2SiH3  and 
30  [-CH2]2/2SiH2  polymer  functionalities,  respectively,  using 

information  from  the  NMR  spectra  of  the  "model"  compounds. 

The  complexity  of  these  NMR  spectra  reflected  the  branched 
structure  of  the  polymer,  which  can  contain  many  slightly 
different  environments  for  each  type  of  silicon.  Presumably, 
the  CH2SiH3  groups  were  better  resolved,  because,  as  end 
groups,  they  are  less  affected  by  the  surrounding, 
complicated,  polymer  environment.  The  [-CH2)4^2Si  units  did 
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not  appear  on  this  NMR  spectrum,  as  only  silicons  bearing 
hydrogens  respond  under  these  conditions.  The  coupled  29Si 
NMR  showed  several,  clearly  discemable,  overlapping  quartets 
with  typical  Si-H  coupling  constants  of  about  200  Hz.  The 
5  superimposed,  fine  splitting  of  the  SiH3  quartets  by  adjacent 
methylenes,  as  seen  in  the  "model"  compounds,  was  not 
completely  resolved  in  the  polymer  due  to  the  increased  width 
of  the  peaks.  Coupled  29Si  NMR  gave  little  information  about 
the  other  Si-H  functionalities  becaur^e  the  peaks  were  so 
10  complicated. 

Elemental  analysis  for  the  reduced  polymer  shoved  a  small 
amount  of  chlorine  (1.63%),  from  the  residual  chloromethyl 
groups.  The  carbon  value  was  close  to  that  expected  for 
[SiH2CH2]n,  however,  the  hydrogen  value  was  somewhat  low.  The 
15  possibility  that  there  were  unreduced  oxygen-containing 

groups,  such  as  Si-OEt  or  Si-O-Si,  in  this  polymer  was 
rendered  unlikely  by  the  results  of  oxygen  analyses  which 
indicated  that  the  oxygen  content  of  the  polymer  was  only 
about  0.02%. 

20  The  1H  NMR  integration  values  for  the  reduced  polymer, 

obtained  soon  after  isolation,  gave  a  nearly  1:1  Si-H  to  C-H 
ratio,  suggesting  that  formation  of  Si-Si  bonding  in  the 
reduced  polymer  with  loss  of  hydrogen  had  occurred  before  the 
sample  was  analyzed.  Samples  of  the  reduced  polymer  have  been 
25  observed  to  gradually  increase  in  viscosity,  and  develop 

pressure  when  stored  in  sealed  containers  which  is  consistent 
with  this  hydrogen  loss.  The  silicon  value  obtained  from  the 
elemental  analysis  was  significantly  lower  than  would  be 
expected  for  the  [SiHj.ggEtg.  14CH2]n  formula;  however,  there 
30  is  substantial  evidence  from  prior  literature  reports  that  the 
silicon  analysis,  as  typically  performed,  is  unreliable  for 
many  carbosilane  compounds.  The  well-characterized 
[Me3SiCH2]xSiH4_x  "model"  compounds  were  no  exception,  giving 
silicon  values  up  to  30%  low. 

35  Molecular  weight  distribution  by  GPC  of  the  reduced 

polymer  shoved  a  very  broad  MW  distribution  with  most  of  the 
polymer  falling  between  450  and  3C00  amu,  but  tailing  off  up 


25 


ACR  5621  US 


to  80,000  amu  vs  polystyrene  to  give  a  large  polydispersity 
value  of  6.95.  The  Mw  for  this  polymer  was  745,  corresponding 
to  about  15  repeat  units  as  SiH1# 8gEt0# 14CH2  (suggested  by 
NMR,  IR,  and  elemental  analysis) .  The  actual  MW  distribution 
5  could  be  considerably  different  from  this,  as  the  reduced 

polymer  was  not  very  similar  to  polystyrene.  A  rough  estimate 
of  the  number  of  repeat  units  in  the  reduced  polymer  could 
also  be  obtained  from  examination  of  the  "chloro-polymer"  by 
comparing  the  proton  NMR  integration  values  for  SiCH2Cl 
10  ("head"  end  groups)  vs  SiCH2Si  (all  other  polymer  units) .  The 
siCH2  si  peak  for  the  "chloro-polymer"  also  included  the 
methyl  protons  of  the  ethoxy  groups,  for  which  it  is  corrected 
by  subtracting  a  1.5  multiple  of  the  -0CH2-  integration  value. 
The  resulting,  corrected  Si-CH2-Si  peak  also  contained  all  of 
15  the  Si-Et  protons.  The  correction  factor  for  the  ethyl  group 
protons  was  also  obtained  from  the  "average  formula; 

[SiHj^  86Et0  14CH2]n  for  the  reduced  polymer,  determined  by  the 
XH  NMR  integrations.  One  ethyl  group  per  7  CH2  units 
corresponded  to  a  ratio  of  5  to  14  for  the  overlapping  ch2  & 

20  CH3  [of  Et)  and  Si-CIU-Si  that  made  up  the  peak  in  the  XH  NMR. 
Applying  the  factor  14/19  to  the  Si-CH2-Si  integration  value 
of  the  "chloro-polymer"  (after  subtraction  for  the  "CH3"  of 
si-OEt]  gave  the  actual  integration  value  for  Si-CH2-Si 
functionality  alone.  After  comparing  with  CH2C1  integration, 
25  the  value  obtained  by  this  method  for  the  average  number  of 
repeat  units  (as  SiH1<86Et0# 14CH2)  in  the  polymer  was  about 
13.5.  It  is  important  to  note  that  since  Si-Si  and  Si-O-Si 
bonding  in  the  polymer  does  not  affect  the  SiCH2Cl  to  siCH2si 
ratio,  the  molecular  weight  values  obtained  reflected  only  the 
30  effects  of  Si-CH2-Si  bonding,  hence  any  crosslinking  was 
ignored  for  the  MW  value  obtained  be  this  method. 

[SiHxCH2]n  FROM  NON-AQUEOUS  WORKUP: 

The  polymeric  products  from  the  non-aqueous  workup  were 
tacky,  yellow,  solids  which,  unlike  the  aqueous  workup 
35  version,  rapidly  developed  a  whitish  coating  on  exposure  to 
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air.  The  IR  spectrum  of  this  polymer  was  similar  to  that  from 
the  aqueous  workup,  except  for  two  additional  peaks  at  1930 
and  670  cm”1.  These  peaks  suggested  that  residual  Al-Hx 
functionality  was  present.  LiAlH4  itself,  is  insoluble  in 
5  pentane  (which  was  used  to  extract  the  transparent,  yellow 
polymer  from  the  residue)  and  therefore  not  likely  to  be  a 
contaminant . 

The  ^  NMR  spectrum  of  this  polymer  contained  a  broad, 
complex  peak  between  -0.6  and  1.5  ppm,  on  which  was 
10  superimposed  a  narrower  peak  between  0.8  and  1.1  ppm.  The 
differences  in  the  SiCH2Si  region  of  the  NMR  spectrum  from 
that  of  the  aqueous -workup  polymer,  suggested  the  presence  of 
some  additional  species  in  the  non-aqueous  product* 

The  Si-H  peaks  were  similar  to  those  of  the  aqueous -workup 
15  polymer,  appearing  at  3. 6-3. 9,  3. 9-4.1,  and  4. 1-4. 3  ppm. 

Their  integration  ratio  C1!!  NMR)  was  considerably  below  the 
approximately  1:1  ratio  with  methylene  protons  which  was  seen 
for  the  polymer  derived  from  the  aqueous  work-up. 
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DISCUSSION  OP  EXPERIMENTAL  RESULTS:  PART  A,  "CHLORO- POLYMER" 
[SiClxCH2]n. 

The  IR,  NMR,  and  other  experimental  results  for  the 
"chloro-polymer"  appear  to  be  consistent  with  the  following 
5  hypotheses  regarding  the  generation  of  the  polymer  structure. 
Evidence  for  proposed  side-reactions  will  be  discussed 
separately. 

Slow  addition  of  ci3SiCH2Cl  to  refluxing  Mg/ether  was 
found  to  yield,  initially,  a  dark,  highly  air-sensitive 
10  solution  which,  on  extended  reflux,  gradually  produces  large 
amounts  of  MgCl2  and  a  dark,  brownish-yellow,  viscous,  mildly 
air-sensitive  polymer.  The  initial  dark  solution  was 
suspected  to  be  the  Grignard  reagent;  (Cl3SiCH2MgCl) ,  and  was 
further  investigated  by  quenching  a  freshly-made  batch  with 
15  excess  methanol  before  significant  polymerization  had 

occurred.  On  distillation,  the  principal  compound  of  interest 
(about  80%)  was  (MeO)3SiMe  which  as  the  expected  product  from 
reaction  of  Cl3siCH2MgCl  with  excess  MeOH.  Smaller  amounts, 
about  17%,  of  (IIeO)3SiCH2Si(OMe)2CH2Cl  were  also  recovered. 

20  This  compound  appears  to  originate  from  Cl3SiCH2MgCl  coupling 
with  unreacted  Cl3SiCH2Cl  to  form  Cl3SiCH2Si(Cl2)CH2Cl  before 
methanolysis.  About  3%  of  (MeO) 3SiCH2Si(OMe)2Me  was  observed, 
which  could  result  from  either  conversion  of  the  previous 
compound  to  the  corresponding  Grignard,  or  from  head-tail 
25  coupling  of  two  Cl3SiCH2  MgCl  species  before  the  addition  of 

methanol.  Compounds  suggestive  of  head  to  head  coupling,  such 
as  (MeO) 3SiCH2CH2si (°Me) 3 ,  did  not  exist  in  sufficient 
quantity  to  be  observed. 

These  results  suggest  that  most  of  the  d3SiCH2Cl  was 
30  quickly  converted  to  the  corresponding  Grignard  reagent  (the 
dark  colored  species) .  Some  of  this  Grignard  reagent  couples 
with  Si-Cl  of  unreacted  Cl3SiCH2Cl  to  form  the  observed 
dimeric  intermediate  compound;  Cl3siCH2Si(Cl2)CH2Cl.  The 
corresponding  reduced  compound;  (H3SiCH2SiH2CH2Cl) ,  was 
35  recovered  from  the  LiAlH4  "quench*  of  a  batch  of  the 

Cl3SiCH2MgCl  that  had  been  allowed  to  reflux  for  about  one 
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hour.  Any  H3SiCH2Cl,  or  H3SiMe  (from  Cl3SiCH2Cl,  and 
Cl3siCH2MgCl  respectively)  would  have  escaped  as  gases.  The 
coupling  process  of  Cl3SiCH2MgCl  with  unreacted  Cl3siCH2Cl 
must  be  fairly  rapid  as  no  (MeO) 3SiCH2Cl  was  recovered.  The 
5  head-tail  coupling  of  the  Grignard  reagent;  (Cl3SiCH2MgCl) 

with  itself  appears  to  be  relatively  sluggish,  as  most  of  it 
could  be  trapped  with  methanol,  and  even  though  Cl3SiCH2MgCl 
is  the  most  abundant  species  present,  only  traces  of  the 
corresponding  dimeric  compound,  Cl3SiCH2Si(Cl2)CH2Mgd,  were 
10  observed.  We  deem  that  the  initial  sluggishness  of  the 

Cl3SiCH2MgCl  self-coupling  reaction  arose  because  the  silicon 
is  surrounded  by  three  chlorines,  the  electron-rich  Grignard 
carbon,  and  presumably  coordinated  ether  as  well,  such  that 
the  usual  mechanism  of  nucleophilic  attack  on  silicon  was 
15  inhibited  by  unfavorable  steric  and/or  electronic  effects. 

Potential  pathways  explaining  the  formation  of  the  observed 
compounds  are  outlined  in  Fig.  1. 

Since  the  reactivity  of  the  SiCl3  "tailM  of  Cl3SiCH2MgCl 
to  coupling  was  inhibited,  it  appeared  that  the  major 
20  mechanism  of  polymer  growth  was  by  successive  attack  of 

cl3siCH2MgCl,  or  oligomers  with  Grignard  "head"  end-groups,  at 
the  Si-cl  sites  of  the  initial  dimeric  compounds, 
Cl3SiCH2SiCl2CH2Cl,  primarily,  and,  to  a  lesser  extent 
cl3siCH2siCl2CH2MgCl.  The  SiCl3  of  these  dimers  would  be  far 
25  enough  from  the  Grignard  site,  if  any,  that  the  deactivation 
effect  would  be  no  longer  operative.  As  each  new  group 
attached  to  the  growing  polymer,  the  Grignard  functionality 
was  lost,  and  the  Si-Cl  groups  now  behaved  approximately  like 
ordinary  alkyl-chlorosilanes  such  as  MeSiCl3  or  Ms2SiCl2, 

30  allowing  further  polymerization  to  continue. 

The  strong  tendency  toward  head-tail  coupling 
(-CH2MgCl/Cl3Si-)  for  the  Grignard  coupling  reaction  was 
demonstrated  by  the  model  coupling  reaction  of  Me3SiCH2Cl  and 
Me3SiCl.  For  this  system,  even  with  the  presence  of  excess 
35  Me38iCl,  the  ratio  of  head-tail  product,  Me38iCH2SlMa3 ,  to 
head-head  compound,  Me3siCR2CB28iMe3  was  33:1.  For  the 
polymer  system,  the  '•tail"  functionality  was  -SiCl3  which 
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would  be  considerably  -more  reactive  to  Grignards,  than 
Me3Sicl,  therefore  greatly  reducing  the  extent  of  head-head 
coupling  in  the  actual  polymer  system.  No  observable  amount 
of  Me3Si-SiMe3  was  obtained  during  this  coupling  reaction 
5  indicating  that  the  direct  dechlorination  of  Si-Cl  groups, 
with  subsequent  formation  of  Si-Si  linkages  did  not  occur. 

This  appears  to  be  consistent  with  other  studies  that  showed 
that  one  or  more  phenyl  groups  attached  to  silicon  were 
required  for  the  formation  of  Si-Si  bonding  by  Mg. 

10  The  trifunctional  SiCl3  "tail",  mono functional  -CH2MgCl 

"head",  and  strong  bias  towards  head-to-tail  coupling,  as 
shown  by  the  Me3SiCH2Cl/Me3SiCl/Mg  model  coupling  experiment, 
gave  this  polymer  system  several  interesting  features.  Up  to 
three  Grignard  head-end  groups  can  couple  to  each  siCl3  site 
15  on  the  growing  polymer,  with  the  addition  of  each  new 

monomer,  another  SiCl3  site  was  formed.  Continuation  of  this 
process  resulted  in  a  polymer  exhibiting  extensive  branching, 
limited  only  by  steric  effects.  Due  to  the  branching,  this 
polymer  was  characterized  by  a  relatively  large  number  of 
20  SiCl3  "tail"  functionalities.  Only  one  "CK2"  end  group 
existed  for  each  polymer,  as  all  others  were  employed  in 
linking  the  carbosilane  polymer  together.  If  no  side 
reactions  occurred,  the  extent  of  branching  should  not  have 
affected  the  theoretical  2:1  Cl  to  si  ratio  for  this  polymer. 
25  This  theoretical  Cl  to  Si  ratio  could  be  justified  in  that  the 
monomer  contained  three  chlorine  sites  on  each  silicon 
(-SiCl3),  and  one  CH2C1  group  (which  becomes  the  Grignard 
functionality) .  If  all  of  the  Grignard  coupled  with  Si-Cl 
groups,  there  would  be  two  equivalents  of  Si-Cl  remaining; 

30  however,  branching  would  increase  the  ratio  of  "tail"  units 
(Cl3Si(CH2-]1/2) ,  and  branched  units  (ClSi(CH2-]3/2, 

Si (CH2 ) 4/2  to  linear  units  (Cl2Si(CH2-]2/2)  in  the  polymer. 

If  head-to-head  coupling  (-CH2MgCl<->ClCH2-)  occurred, 
the  maximum  theoretical  molecular  weight  that  could  be 
35  achieved  would  rapidly  decrease.  This  would  result  because 
there  would  be  just  enough  head  end  groups  to  couple  all  of 
the  monomers  (one  per  monomer) .  If  any  were  wasted  through 
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head-to-head  coupling,,  the  system  would  essentially  run  out  of 
head  end  groups  before  polymerization  was  complete.  In 
actuality,  for  this  system,  unreacted  chloromethyl  groups  were 
seen  in  the  NMR,  suggesting  that  sterics  were  the  limiting 
factor.  In  addition,  the  Me3SiCH2Cl/Me3SiCl/Mg  model  coupling 
reaction  strongly  suggested  that  head-to-head  coupling  was 
negligible. 

It  is  important  to  note  that  this  head-tail  coupling 
process,  in  itself,  should  not  cause  crossl inking  of  the 
branched  polymer,  since  polymerization  was  head-tail, 
crosslinking  would  require  species  with  two  head  end  groups. 
However,  the  low  recovery  rate  (about  50%)  for  the 
"chloro-polymer"  suggests  that  at  least  some  crosslinking  may 
have  occurred  in  this  system.  The  possible  origin  of  such 
crosslinking  will  be  discussed  later.  The  potential  polymer 
"building  blocks"  that  are  to  be  expected  as  the 
polymerization  progresses  are  illustrated  below: 


\  \ 

-SiCH2  -SiCH, 

'  /  '  /  ' 
-SiCl2CH2-  -SiCICH-  SiCH2— 

%  *  *  \  *  \  t  * 


-sicH2 

Linear  unit  single  branched  unit 


double  branched  unit 
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Cl3SiCH2 


"Tail"  end  group 

5 


\ 

-SiCH2MgCl 

Unreacted  Grignard 
"head"  end  group 


\ 

-SiCH,Cl 

/ 

Chloromethyl 
"head"  end  group 


The  actual  "chloro-polymer"  system  was  found  to  be 
considerably  more  complex,  as  several  side  reaction  were  found 
to  occur.  In  addition  to  the  above  groups,  NMR  and  IR  data 
indicate  that  several  other  functionalities  were  present: 


10 


15 


-SiCH, 
•  A 

OEt 


-SiCH2- 


0 

i 


-SiCH2- 


-SiCH,- 

i  * 

Et 


Elemental  analysis  of  the  "chloro-polymer"  showed  the 
chlorine  content  to  be  significantly  low  for  the  expected 
[SiCl2CH2]n  average  formula.  This  is  consistent  with  XH,  13C, 
20  29Si,  NMR  and  IR  results  which  suggest  in  addition  to  SiClx, 

there  were  significant  amounts  of  Si-OEt,  Si-Et  and  possibly 
Si-O-Si  functionalities  in  the  "chloro-polymer".  The  carbon 
and  hydrogen  values  were  considerably  higher  than  expected  for 
the  assumed  "average"  formula  [Sid2CH2]n.  This  was  also 
25  consistent  with  both  Si-OEt  and/or  Si-Et  functionalities  in 

the  polymer.  Precedent  for  this  kind  of  side  reaction  is  well 
established,  the  cleavage  of  ethers  by  halosilanss  to  form 
alkoxy  silane  and/or  siloxanes  has  been  known  for  many  years. 
For  iodosilanes  the  reaction  is  often  quantitative. 

30  chlorosilanes  are  less  active,  but  react  similarly;  moreover, 
the  extended  reflux  employed  to  effect  coupling  of  the 
Grignard  reagent  would  be  expected  to  increase  the  extent  of 
ether  cleavage.  The  formation  of  Si-Et  functionality  is  less 
obvious,  it  appears  to  originate  from  magnesium  reacting  with 
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EtCl,  a  product  of  the  side  reactions,  to  form  ethyl  Grignard 
which  couples  with  Si-Cl  functionality  to  form  SiEt  groups. 
These  ethyl  groups  have  been  shown  to  originate  from  the 
ether.  When  the  reduced  polymer  was  prepared  using  D10-Et2O 
5  during  the  Grignard  coupling  step  prior  to  reduction,  the 
incorporation  of  SiEt-D5  groups  resulted  in  almost  complete 
disappearance  of  the  "ethyl"  peaks  in  the  proton  NMR  except 
for  residual  "CH2"  and  "CH3"  protons.  These  side  reactions 


have  been  outlined 

in  reactions 

2-5: 

10 

Si-Cl  +  Et20 

Si-OEt  +  Et-Cl 

2 

Si-OEt  +  Si-Cl  - 

Si-O-Si  +  Et-Cl 

3 

Et-Cl  +  Mg/Et20 

Et-MgCl 

4 

Et-MgCl  +  Si-Cl 

Si-Et  +  MgCl2 

5 

Another  potential  cause  of  the  low  chlorine  content  of 
15  the  "chloro-polymer"  could  be  direct  dechlorination  of  Si-Cl 
functionality  by  magnesium  to  form  Si-Si  bonding.  However, 
all  reported  couplings  of  halosilanes  by  magnesium  required  at 
least  one  or  more  phenyl/aryl  substituents  on  the  reactant 
compounds.  Ether  cleavage  was  often  the  only  observed  result 
20  when  these  functionalities  were  lacking.  The  absence  of 

He3Si-SiMe3  in  the  products  of  the  Me3SiCH2Cl/Me3SiCl/Mg  model 
coupling  reaction,  and  the  formation  of  small  amounts  of 
Me3SiOEt,  suggest  that  magnesium  does  not  induce  significant 
Si-Si  bond  formation  in  alkyl  substituted  chi or os i lanes. 

25  Either  Si-O-Si  or  Si-Si  coupling,  even  to  a  relatively 

modest  extent,  would  tend  to  crosslink  the  polymer  causing  it 
to  become  insoluble.  This  may  explain  the  relatively  low 
yield  (50%)  for  extraction  of  the  "chloro-polymer"  from  the 
residual  magnesium  chloride.  If  the  residual  solids,  after 
30  extraction,  were  treated  similarly  to  the  "chloro-polymer" 

(reduced  with  excess  LiAlH4  followed  by  H20/HC1  workup)  15-25% 
additional  reduced-polymer  was  recovered.  If  the  solids 
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contained  insoluble,  Si-O-Si,  or  Si-Si  crosslinked 
"chloro-polymer",  treatment  with  excess  LiAlH4  would  not  only 
reduce  the  Si-Cl  groups,  but  convert  both  the  Si-O-Si,  and 
Si-Si  to  Si-H  as  well.  This  would  destroy  the  crosslinking, 

5  rendering  the  polymer  soluble,  and  recoverable. 

It  is  difficult  to  propose  an  exact  formula  for  this 
polymer  system  at  the  "chloro-N  stage  as  both  determination  of 
the  theoretical,  and  the  actual  composition  are  subject  to 
error.  However,  the  "average"  formula 
10  CSiCl1#26O0>44/2OEt0>16Et0<14CH2]n  has  been  assigned.  This 

formula  is  in  good  agreement  v  h  the  1H,  13C,  and  29Si  NMR, 

IR  spectra,  elemental  analysis,  tnd  literature  precedent.  In 
addition,  it  accounts  for  the  difficulty  in  isolating  all  of 
the  "chloro-polymer"  from  the  MgCl  solids  by  extraction,  and 
15  the  recovery  of  additional  polymer  when  the  solids  are  reduced 
by  LiAlH4. 

The  molecular  weight  of  the  "chloro-polymer  "  is 
difficult  to  measure  directly  as  even  traces  of  water  in  the 
solvent  required  would  cause  crosslinking,  seriously  affecting 
20  the  results.  The  molecular  weight  of  this  polymer  can  be 
indirectly  estimated  by  two  methods;  The  average  number  of 
repeat  units  obtained  from  the  GPC  of  the  corresponding 
reduced  polymer,  which  is  not  highly  moisture  sensitive  (as 
described  later)  can  be  corrected  for  the  heavier  "average" 

25  repeat  unit  for  the  "chloro-polymer"  (described  above) .  A 
value  of  approximately  1500  amu  is  found.  The  ratio  of 
chloromethyl  ("head"  end  groups)  to  methylene  (in  chain  units) 
from  integration  of  the  NMR  spectrum  can  be  used  to 
estimate  the  average  number  of  repeat  units  giving  a  value  of 
30  1400  amu.  Both  of  these  methods  only  count  carbosilane 

bonding  in  the  polymer  and  are  therefore  approximate.  The 
effects  due  to  Si-O-Si  linkages  between  polymers  was  ignored. 
The  first  method  bases  the  molecular  weight  on  that  of  the 
reduced  polymer  where  the  Si-O-Si  linkages  have  been 
destroyed.  The  second  method  also  ignores  these  effects  since 
Si-O-Si  linkages  do  not  affect  the  ratio  of  -GH2C1  to 
Si-CH2-Si  in  the  NMR  spectrum. 
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PART  2  REDUCED  POLYMER; 


The  reduced  polymer  is  considerably  less  complicated  than 
its  "chloro-polymer"  precursor.  NMR  results  of  the  reduced 
polymer ,  and  suitable  "model"  compounds,  confirmed  the 
presence  of  (-CH2)  2y2SiH3,  (-CH2) 2/2SiH2,  3/2s^H'  and 

(-CH2)4/2Si  functionalities;  where  the  1/2  factor  represents 
the  sharing  of  the  CH2  functionalities  between  silicons  in  the 
carbosilane  backbone  of  the  polymer.  The  SiEt  functionality 
was  retained  in  the  reduced  polymer.  However,  the  Si-OEt,  and 
any  si-si  or  Si-O-Si  groups  present  in  the  "chloropolymer" 
were  reduced  to  Si-H  along  with  Si-Cl.  These  results  appear 
to  be  consistent  with  previous  work  where  Cl3Si-SiCl3, 
Cl3Si-0-SiCl3,  and  H3Si-0-SiH3  all  gave  silane  gas  on 
reduction  with  excess  LiAlH4  in  ether  or  THF.  It  has  also 
been  observed  that  alkoxy  groups  on  silicon,  even  when 
surrounded  by  relatively  bulky  groups,  as  in  the  case  of 
[ 1-naphthyl ]3  Si-OEt,  are  readily  converted  to  the 
corresponding  silanes  by  LiAlH4 .  Alkyl-substituted  alkoxy 
silanes  react  similarly.  In  addition,  residual  Grignard  end 
groups  remaining  in  the  "chloro-  polymer",  if  any,  would  be 
converted  to  a  magnesium  aluminum  hydride  complex  during  the 
reduction.  Subsequent  aqueous  acid  workup  would  result  in  the 
corresponding  hydrocarbon  end  group  as  shown  in  reactions  7 
and  8. 

SiCH2MgCl  +  LiAlH4  SiCH2MgAlH4  +  LiCl  7 

SiCH2MgAlH4  +  XS  HCl,  H2  - >  SiMe  +  MgCl2  +  4H2  +  A1(0H]X  8 

NMR  integration  values  show  the  actual  "average"  formula 
for  the  reduced  polymer  to  be  approximately 
tsiH1.86Et0.14CH2^n#  or  about  on*  «thyl  group  per  seven 
"average"  repeat  units. 

The  molecular  weight  value  obtained  by  GPC  of  the  reduced' 
polymer  (745  emu)  is  about  15  repeat  units  (as 
[SiH1#86Et0#14CH2]) .  This  method  takes  into  account  any 
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effects  on  the  molecular  weight  due  to  crosslinking  processes 
so  long  as  the  polymer  remains  soluble. 

The  similarity  of  the  values  for  molecular  weight  of  the 
reduced  polymer  by  the  two  methods,  suggests  little  or  no 
5  Si-O-Si  or  Si-Si  bonding  existed  in  the  reduced  polymer,  as 

one  method  ignores  any  crosslinking,  the  other  does  not.  This 
is  in  agreement  with  the  high  solubility  of  the  reduced 
polymer  in  pentane,  the  absence  of  protons  from  si-OCH2-  in 
the  LiAlD4 -reduced  polymer  and  the  elemental  analyses  which 
10  indicated  a  very  low  oxygen  content  (0.02%).  All  suggest  that 
reduction  of  Si-OEt,  Si-O-Si,  and  any  Si-Si  is  complete,  or 
very  nearly  so,  in  the  reduced  polymer. 

However,  the  elemental  analysis  also  gives  a .low  hydrogen 
value  for  the  reduced  polymer.  This  could  be  the  result  of 
15  slow  loss  of  hydrogen  from  the  polymer,  at  room  temperature, 
to  give  Si-Si  bonding  after  isolation.  It  has  been  observed 
that  samples  of  the  reduced  polymer  slowly  increase  in 
viscosity  and  generate  gaseous  by-products  (presumably 
hydrogen)  after  storage  for  several  weeks  The  reduced  polymer 
20  is  found  to  crosslink  on  heating,  presumably  by  the  same 
process . 

From  the  NMR,  differences  in  peak  shape  and 
integration  values  suggest  that  the  reduced  polymer  prepared 
by  non-aqueous  workup  appears  to  contain  a  significant  amount 
25  of  Al-Hx  protons,  bound  to  the  polymer,  having  approximately 
the  same  chemical  shift  as  the  Si-CH2-Si  protons. 

Elemental  analysis  of  this  product  indicated  the  presence 
of  over  6%  aluminum.  In  total,  these  results  are  consistent 
with  the  incorporation  of  significant  amounts  of  Al-H  in  the 
30  polymeric  product  obtained  from  the  non-aqueous  workup.  This 
may  be  in  the  form  of  AlH^t3"*]  species:  either  bound, 
complexed,  or  trapped,  within  the  polymer.  Difficulty  in 
separating  by-products  of  LiAlHj  reductions  of  polymeric 
halos ilanes  by  non-aqueous  methods  has  been  previously 
observed. 

The  reduced,  branched,  polycarboailane  polymer 
represented  by  the  "average"  formula,  [SiH^  86Et0>  14CH2]n,  on 
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heating  under  nitrogen,  began  to  evolve  gasea  and  formed  a 
"gel"  at  about  200°C.  GC/FTIR  showed  these  gaseous 
by-products  were  predominantly  hydrogen,  with  smaller  amounts 
of  methane,  ethane,  ethylene,  propane,  and  mixed 
5  methyl silanes.  In  addition,  small  amounts  of  volatile, 

oligomeric  hydridosilanes  were  produced.  These  results 
suggest  that  some  depolymerization  occurred  before  extensive 
crosslinking  (presumably  via  Si-Si  bond  formation)  occurred. 
Continued  heating  to  about  450°C  gave  a  pale  yellow,  hard, 

10  glassy  solid  with  the  evolution  of  more  hydrogen  and  much 

lesser  amounts  of  hydrocarbons  and  silanes  than  in  the  earlier 
stages  of  pyrolysis.  Further  heating  yielded  a  shiny,  hard, 
black  ceramic.  TGA  of  the  reduced  polymer  to  1200°C  showed 
about  60%  ceramic  yield  without  any  special  crosslinking 
15  procedures.  The  theoretical  yield  is  about  83%,  assuming  the 
polymer  formula,  [SiH186Et04l4CH2]n,  as  suggested  by  NMR,  IR 
and  elemental  analysis.  If  the  polymer  is  subjected  to 
heating  at  the  crosslinking  temperature  prior  to  pyrolysis, 
higher  yields  may  be  realized.  Powder  X-ray  diffraction  of 
20  the  black  ceramic  product  formed  at  1000°C,  under  N  ,  showed 

it  to  be  nearly  amorphous.  Material  heated  to  1600°C  for  five 
hours  (under  N2)  gave  a  XRD  pattern  consistent  with 
expectations  for  0 -Sic. 

The  Examples  set  forth  herein,  the  Experimental  Results, 
25  and  the  discussion  of  those  Experimental  results  are  presented 
to  describe  certain  embodiments  of  the  instant  process  and 
should  not  be  construed  in  a  limiting  sense  for  that  reason. 
The  scope  of  protection  sought  is  set  forth  in  the  claims 
which  follow. 
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we  Claim; 


l.  A  process  for  forming  a  polycarbosilane  precursor 
for  silicon  carbide  which  comprises  the  reaction  of  a 
polyhalocarbosilane  with  a  reducing  agent. 

5  2.  A  process  as  claimed  in  Claim  1  wherein  the  reducing 

agent  is  lithium  aluminum  hydride. 

3.  A  process  as  claimed  in  Claim  1  wherein  the 
polyhalocarbosilane  is  a  polychlorocarboailane. 

4.  A  process  as  claimed  in  Claim  1  wherein  the 
10  polyhalocarbosilane  is  formed  by  reaction  of  a  trihalo- 

halomethylsilane  with  a  Grignard  coupling  agent. 

5.  A  process  as  claimed  in  Claim  4  wherein  the  trihalo- 
halomethylsilane  is  trichloro-chloromethylsilane. 

6.  A  process  as  claimed  in  Claim  4  wherein  the  Grignard 
15  coupling  agent  comprises  a  mixture  of  magnesium  metal  and  an 

alkyl  iodide. 

7.  A  process  as  claimed  in  any  of  Claims  1-6  wherein 
the  polyhalocarabosilane  is  modified  by  adding  a  vinyl  group 
to  the  polymer  backbone. 


20  8.  Branched  polycarbosilane,  substantially  non-cyclic 

precursors  for  silicon  carbide  having  a  substantially  1:1  Si 
to  C  stoichiometry  which  comprise  the  repeating  units 

[H2SiCH2]  [SiCH2]  [SiH3CH2]. 

9.  Precursors  as  claimed  in  Claim  8  formed  by  any  of 
the  processes  of  Claims  1-6. 


25 
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10.  Precursors  as  claimed  in  Claim  8  which  contain 
terminal  -SiH3  groups. 

11.  Branched  polycarbosilane,  substantially  non-cyclic 
precursors  for  silicon  carbide  containing  the  repeating  units 

5  [Sil^CI^]  [SiHx_1CH2] 

Ch-CH2 ] 

where  x  can  range  from  _  to  _ . 
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CARBCSILANE  POLYMER  PRECURSORS 
TO  SILICON  CARBIDE  CERAMICS 

ABSTRACT  OF  THE  DISCLOSURE 

Grignard  coupling  of  trichloro-chloromethylsilane, 

5  followed  by  reduction  with  lithium  aluminum  hydride,  can  be 
employed  to  prepare  a  complex,  branched  polycarbosilane  with 
extensive  Si-H  functionality  and  a  nominal  1:1  silicon  to 
carbon  ratio.  Direct  pyrolysis  of  polycarbosilane  material  to 
1000°C  under  nitrogen  without  any  specific  crosslinking 
lo  procedure,  yields  a  black  ceramic  product.  Annealing  at 
1600°C  indicates  fl-SiC  as  the  crystalline  phase  present. 

*  h  it  *  it 


r . 


CiaSiCHjCl 

Mg/ 

EuO 

3  MeOH 

Cl3SiCH2Mga - —  [MeO]3SiMe  +  HC1  +  MgCl2 

a3siCH2a 

-MgCl2 

5  MeOH 

L—  a3SiCH2Sia2CH2a  ■  -  . -  [MeO]3SiCH2Si[OMe]2CH2a  +  5  HC1 

C3SiCH2MgQ  Mg/ 

-Mga2  ei2o 

5  MeOH 

.  ■  a3SiCH2SiCl2CH2Mga— —  {MeO)3SiCH2Si[MeO]2Me 


+n03SiCH2Mga 


•n  MgCI2 


+  4  HQ  +  MgCl2 


'[SiCljCH^" 


Compressive  Creep  of  MoSi2  Matrix  and  Composite 


A.  P.  HYNES,  M.  S.  WILENSKI  AND  R.  H.  DOREMUS 


ABSTRACT 

The  creep  of  monolithic  MoS^  matrix  and  a  Nb-particulate 
composite  were  contrasted  in  uniaxial  compression  measurements 
from  1323-1724K  and  10-100  MPa.  Nb-particulate  composites  crept 
more  rapidly  than  the  matrix  under  all  conditions  tested.  The 
composite  creep  rate  decreased  with  time,  and  that  of  the  matrix 
was  linear  with  time  within  experimental  error.  The  apparent 
creep  activation  energies  were  232  kJ/mol  for  the  matrix  and  119 
kJ/mol  for  the  composite  at  1667K.  The  stress  exponents  of  the 
matrix  and  composite  were  1.2  and  2.0  respectively.  The  flow  of 
glass  at  the  grain  boundaries  controlled  the  matrix  deformation 
and  the  deformation  of  Nb  contributed  to  the  time-dependent, 
rapid  creep  of  the  composite. 

INTRODUCTION 

Recently  [1-7]  MoSi2  has  been  tested  as  an  advanced  struc¬ 
tural  material  because  it  has  several  promising  characteristics 
such  as:  high  melting  point  (2293  ±20K) ,  excellent  hot 

corrosion  resistance,  and  oxidation  resistance.  The  density 
(6.31  gm/cc)  is  below  that  of  the  Ni-based  superalloys  ("8 
gm/cc) .  MoSi,  undergoes  a  brittle-ductile  transition  at 
1200-1300K  and  thus  offers  the  prospect  of  toughness,  but  also 
unfortunately  creep,  at  high  temperatures.  MoSi2  has  a  tet¬ 
ragonal  crystal  structure  and  limited  active  slip  systems  below 
the  ductile-brittle  transition  temperature.  Thus  in  order  to  be 
useful  as  a  high  temperature  structural  material,  the  high 
temperature  strength  and  creep  resistance  must  be  improved,  as 
well  as  the  low  temperature  toughness.  In  addition,  the 
behavior  in  reducing  atmospheres  must  be  evaluated. 

Published  information  on  the  creep  behavior  of  either 
unreinforced  MoSi2  or  MoSi2  composites  is  quite  limited.  In  one 
study,  Bose  [7,8]  found  creep  rates  from  "lOE-Ss'1  to'lOE-68'1  at 
20-100  MPa  at  1473K  for  a  MoSi2  matrix  without  glass  and  with  a 
grain  size  of  30  um.  In  a  second  study  Sadananda  et  al  [1,2] 
found  creep  rates  of  "5E-8  to  1E-6S'1  at  1473K  and  60-200  MPa  for 
a  MoSi,  matrix  containing  glass  with  a  grain  size  of  10-35  pm. 
The  addition  of  20  v/o  Sic  whiskers  reduced  the  creep  rate  of 
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MoSi,  significantly,  although  at  least  some  of  the  reduction  is 
due  to  the  elimination  of  the  glassy  phase  from  the  composite. 
Sadananda  et  al  determined  apparent  creep  activation  energies 
of  430  kJ/mol  for  the  monolithic  material  at  1373-1573K  and  590 
kJ/mol  from  1473-  1723K  for  the  composite  at  20  MPa  stress.  The 
stress  exponent  was  »3  for  the  matrix  at  «20-100  MPa  and 
1473-1673K  [2] . 

Although  ductile  microphases  can  decrease  the  creep  resist¬ 
ance,  they  should  improve  the  fracture  resistance  relative  to 
the  matrix;  continuous  ductile  fiber  may  improve  creep  resist¬ 
ance  as  well.  Meschter  and  Schwartz  [6]  have  surveyed  the 
available  metals  for  ductile  reinforcement  on  the  basis  of 
melting  point,  availability,  cost  and  thermodynamic  compati¬ 
bility  with  MoSi2.  They  found  the  most  promising  pure  metals  to 
be  Nb  and  Ta.  Although  Nb  reacts  more  rapidly  with  MoSi2  than 
Ta  does  [6],  Nb  has  the  advantage  of  a  higher  melting 
temperature,  a  lower  elastic  modulus,  lower  density  and  a  lower 
cost. 

It  was  a  goal  of  the  project  to  improve  the  fracture 
resistance  of  MoSi2,  and  thus  a  ductile  metal  reinforcement  was 
chosen.  Despite  concerns  about  reactivity,  Nb  was  selected 
over  Ta  as  likely  to  be  superior  on  balance  for  the  reasons 
listed  above.  As  a  preliminary  study  until  coated  Nb- 
wire-reinforced  composite  samples  were  available,  the  creep 
behavior  of  dispersed  particulate-Nb  composite  was  evaluated 
relative  to  the  monolithic  (matrix)  material. 

EXPERIMENTAL  PROCEDURE 

Sample  Preparation 

The  matrix  samples  were  prepared  by  loading  loose  powder 
(Starck,  Grade  C)  into  a  Nb  can  and  hot-isostatically  pressing 
(HIP)  at  1873K  for  2  h  at  170  MPa.  The  composite  powders  of 
target  composition  75  w/o  MoSi2-25  w/o  Nb  (79  v/o  MoSi2-19  v/o 
Nb)  were  mixed  in  a  turbula  mixer,  then  cold-isostatically- 
pressed  at  240  MPa  and  hot  isostatically  pressed  at  1773K  for  2 
h  at  170  MPa. 

The  pressed  compacts  were  sectioned,  cut  by  EDM  into  right 
circular  cylinders  3.18  mm  (1/8")  diameter  x  6.35  mm  (1/4") 
high.  The  sides  of  the  cylinders  were  polished  through  various 
grits  from  600  «.,rit  SiC  through  1200  grit  SiC,  and  the  ends  were 
polished  parallel  through  1  pm  diamond  paste  for  creep  testing. 

Characterization 

The  phase  compositions  were  determined  by  X-ray  diffraction, 
electron  microprobe  and  stereology  of  scanning  electron 
micrographs  (SEM) .  The  MoSi2  and  Si02  phase  contents  of  the 
matrix  were  also  calculated  from  the  MoSi2  powder  lot  analysis. 
Electron  microprobe  analyses  were  performed  on  the  monolithic 
and  composite  crept  and  uncrept  samples.  The  microprobe  analyses 
used  elemental  Mo,  Si  and  Nb  standards  and  the  ZAF  analysis 
technique,  and  were  run  at  20  kv.  Phase  analysis  of  the  MoSi2 
matrix,  of  the  composite  and  of  the  as-received  MoSi2  powder  were 
made  with  an  X-ray  diffractometer  equipped  with  CuK#  radiation 
and  operated  at  40  kV.  The  diffractometer  calibration  was 
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checked  before  each  run  with  a  standard. 

The  microstructures  of  the  uncrept  and  crept  samples  were 
examined  with  SEM  after  polishing  through  1  pm  diamond  paste  and 
thermal  etching  at  177 3K  for  2  minutes.  Backscattered 
compositional  imaging  highlighted  the  variation  in  chemical 
composition.  The  grain  size  of  the  crept  and  uncrept  samples 
was  measured  by  the  linear  intercept  method  with  a  digitizing 
pad,  and  is  reported  as  the  inverse  of  the  specific  surface 
area.  A  minimum  of  100  points  were  taken  per  sample. 

The  density  of  the  crept  and  uncrept  samples  was  determined 
by  the  Archimedes  method  with  distilled  water. 

Vickers  hardness  was  measured  using  a  1000  gm  load  for  10s 
at  room  temperature  in  air  on  samples  freshly  polished  through 
1  pm  diamond  paste.  For  the  matrix  and  composite,  twenty 
measurements  were  made  per  sample,  and  5  measurements  each  were 
made  on  the  reaction  zone  and  the  Nb  particles. 

Creep  Equipment.  Procedure  aM  Analysis 
Dead-load  uniaxial  compression  creep  tests  were  performed  at 
temperatures  of  1323-1724K  (1050-1450C)  and  stresses  of  10-100 
MPa  in  air  with  equipment  and  methods  that  have  been  described 
previously  [9].  The  data  acquisition  is  via  PC  and  can  be 
remotely  accessed  by  modem.  Two  types  of  experiments  were 

performed:  (1)  change  in  stress  at  constant  temperature,  and  (2) 
change  in  temperature  at  constant  stress.  Tests  were  run  in 
order  of  increasing  load  and  temperature  in  order  to  minimize 
the  effects  of  transients. 

Trial  least-squares  fits  were  made  to  several  equations  to 
find  a  satisfactory  fit  for  for  the  strain-time  data  of  the 
matrix  and  composite.  The  steady-state  creep  rates  for  the 
matrix  and  the  creep  rates  at  0.5%  strain  for  the  composite  were 
calculated  from  these  fits.  The  apparent  creep  activation 
energies  were  calculated  from  the  slope  of  the  creep  rate  vs 
reciprocal  temperature  plots.  Stress  exponents  were  calculated 
from  the  log-log  slope  of  the  strain  rate  vs  stress  plots. 

RE8ULT8 

Chemical  ao£  Phase  Composition 
The  lot  analysis  supplied  with  the  MoSi2  powder  showed  that 
excess  Si  was  present  over  that  required  to  form  stoichiometric 
MoSi,.  Consequently  we  expected  a  significant  volume  fraction 
of  Si02  glass.  A  phase  which  was  chemically  and  topographically 
distinct  (after  thermal  etching)  from  the  matrix  was  identified 
at  the  grain  boundaries  and  inside  the  grains  of  the  MoSi2,  as 
shown  in  Figure  1.  This  phase  was  identified  by  microprobe  as  an 
Si02  phase  and  the  composition  was  pure  Si02  within  the 
microprobe  detection  limits.  In  the  matrix,  the  Si02  content  was 
calculated  to  be  9.7  v/o  (3.6  w/o)  from  the  lot  analysis,  and 
was  measured  to  be  10.2  v/o  from  stereology.  The  lot  analysis 
calculation  assumed  that  all  the  excess  Si  over  the 
stoichiometric  amount  needed  for  MoSi2  was  oxidized  to  Si02 
glass.  MoSi2  was  the  only  phase  detected  by  X-ray  diffraction 
in  the  as-received  powder  and  in  the  pressed  uncrept  matrix,  so 
the  Si02  phase  detected  optically  and  by  SEM  is  Si02  glass. 


Fig.  1.  Matrix  and  composite  microstructures:  (a)  SEM  micro¬ 
graph  showing  topographic  contrast  between  SiO,  glass  and  MoSi2 
in  matrix.  (b)  same  area  showing  chemical  contrast. 

(c)  optical  micrograph  of  uncrept  matrix.  (d)  optical  micro¬ 
graph  of  uncrept  composite.  Bar  is  10  a m  in  (a)  and  (b) ; 

75  urn  in  (c)  and  150  am  in  (d) . 
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The  glass  was  calculated  to  be  7.8  v/o  of  the  composite 
from  the  lot  analysis,  assuming  the  target  starting  composition. 
The  glass  was  present  in  the  matrix  and  the  composite  both 
before  and  after  creep.  In  addition  to  the  MoSi2,  Nb  and  glass, 
the  composite  samples  both  before  and  after  creep  contained  a 
reaction  layer  around  the  Nb  particles  samples  as  shown  in 
Figure  2.  The  thickness  of  the  reaction  layer  did  not  increase 
significantly  during  creep.  The  composition  of  the  reaction 
layer  was  84.6  w/o  Nb-15  w/o  Si  according  to  microprobe  spot 
analysis,  which  corresponds  to  Nb5Si3.  An  elemental  analysis  by 
microprobe,  in  the  form  of  a  step  scan  across  the  reaction  zone, 
found  Nb,  Mo,  Si  and  0  ("5  w/o)  in  the  reaction  zone,  as  shown 
in  Figure  2.  The  step  scan  results  for  an  uncrept  sample  were 
essentially  identical  to  those  of  a  crept  sample.  The  following 
phases  were  identified  in  the  composite  by  X-ray  diffraction: 
MoSi2,  Nb,  Mo5Si,,  Nb5Si3  and  Nb3Si.  Low  intensity  (<50  counts/ s) 
diffraction  peaks  at  d-spacings  of  1.920  and  1.910  A  could  not 
be  assigned. 

The  composite  consisted  of  8  v/o  unreacted  Nb,  20  v/o 
reaction  zone  and  72  v/o  matrix  (including  glass)  according  to 
stereographic  measurements.  From  the  target  composite  compo¬ 
sition  and  accounting  for  the  Si02  phase,  the  target  19  v/o  Nb 
in  the  composite  was  met. 

Although  the  as-prepared  uncrept  samples  were  shiny  and 
metallic  gray  in  color,  the  monolithic  samples  were  a  dull  gray 
color  after  creep.  The  outer  surfaces  of  the  composite  samples 
were  covered  with  a  yellowish-green  powder  after  creep.  The 
powder  was  easily  scraped  off  for  X-ray  diffraction,  which 
detected  the  following  phases:  MoSi2,  o-Si02,  Nb205,  Nb12029,  Nb 
and  MoOv.  '  5r 


Mi.cjqstructu.r_e  and  Physical  Properties 
The  microstructure  of  the  matrix  samples  consisted  of 
approximately-equiaxed  MoSi2  grains  with  well-dispersed 
elongated  stringers  of  the  Si02  glass  at  the  grain  boundaries  and 
within  the  grains.  The  average  grain  size  was  23  nm  in  the 
uncrept  monolithic  samples  and  24  pm  in  the  composite.  Creep 
testing  did  not  change  the  grain  sizes  significantly. 

The  Nb  particles  were  irregularly  shaped,  and  randomly 
distributed  and  oriented  in  the  composite.  The  microstructures 
of  the  matrix  and  composite  are  shown  in  the  optical  micrographs 
of  Figure  1  and  the  SEM  micrograph  of  Figure  2 .  The  grain 
boundaries  showed  a  pronounced  curvature.  After  creep  the 
microstructure  of  the  matrix  showed  an  increase  in  Si02 
segregation  at  the  grain  boundaries.  The  microstructure  of  the 
composite  appeared  essentially  unchanged  during  creep. 

The  densities  of  the  uncrept  monolithic  and  composite 
samples  were  "5.93  and  "6.33  gm/cc,  or  "100  %TD  for  both  the 
matrix  and  composite  on  the  basis  of  the  phases  MoSi?,  Si02 
glass  and  Nb,  and  assuming  9.7  v/o  Si02  glass  in  the  matrix.  For 
the  composite,  this  is  a  slight  overestimate  of  the  theoretical 
density,  since  it  does  not  account  for  the  reaction  zone. 

The  hardness  of  the  composite  was  10. 0  ±1.0  GPa  (1024  VHN) 
and  that  of  the  matrix  was  8.7  ±0.4  GPa  (889  VHN).  The  hardness 
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Pig.  2.  Composite  showing  reaction  zone  between  Nb  and 
MoSiz:  (a)  micrograph  showing  Nb  particle  with  reaction 
zone.  Bar  is  25  Mm.  (b)  compositional  profile  across 
micrograph  shown  in  (a) . 


of  the  Nb  particles  in  the  composite  was  3.6  ±0.8  GPa  (366  VHN) 
and  that  of  the  reaction  layer  between  the  Nb  and  MoSi2  was  10.9 
±1.2  GPa  (1113  VHN) . 

Creep 

The  creep  rate  of  the  MoSi,/Nb  composite  was  significantly 
faster  than  that  of  the  MoSi2  matrix  under  all  conditions  tested. 
The  creep  rates  of  the  monolithic  material  and  the  composite  are 
shown  as  a  function  of  temperature  and  stress  in  Figure  3. 

The  shape  of  the  strain-time  curves  for  the  matrix  and 
composite  differed  significantly.  Except  for  short  transients 
at  the  start  of  a  new  test  condition,  the  matrix  creep  curve 
was  linear  with  time  for  the  test  durations  observed,  within  the 
measurement  and  fitting  error.  In  contrast,  the  composite 
samples  exhibited  a  creep  rate  that  continuously  decreased  with 
time  under  all  conditions  tested.  A  few  tests  which  were  run 
to  high  strain  (>10%)  exhibited  an  accelerating  creep  rate 
prior  to  failure  and  these  results  are  not  reported  here.  None 
of  the  strain-time  data  for  composites  could  be  satisfactorily 
fit  to  a  straight  line.  Consequently  the  strain  rate  was 
calculated  from  the  derivative  of  the  expression  fit  to  the 
strain-time  data,  evaluated  at  0.5%  strain. 

Several  expressions  were  examined  on  test  sets  of  data  to 
evaluate  their  suitability  for  the  composite.  Polynomials  with 
integral  exponents  give  unsatisfactory  fits.  Log-log  plots  of 
the  data  did  not  yield  time  exponents  which  were  consistently 
valid  for  a  number  of  test  conditions.  Polynomial'  expressions 
in  t1/3  were  examined  and  fit  the  data  well,  Expressions  of  the 
form: 

a0  +  a,t,/2  +  a2t  (1) 

were  also  examined,  and  gave  a  better  fit  than  the  other 
expressions  in  almost  all  cases  on  the  basis  of  the  sum  of  the 
squares  of  the  residuals.  Consequently  expression  (1)  was  used 
to  calculate  the  strain  rate  at  0,5%  strain  for  the  composite 
data,  and  this  data  is  plotted  in  Figure  3. 

The  apparent  creep  activation  energies  are  232  kJ/mol  for 
the  MoSi2  matrix  and  119  kJ/mol  for  the  MoSiz/Nb  composite  at  10 
MPa.  The  stress  exponents  are  1.4  for  the  matrix  and  2.0  for 
the  MoSij/Nb  composite  at  1667K  (1394C)  . 

DI8CU88ION 

The  flow  of  glass  at  the  grain  boundaries  is  known  to 
control  the  creep  rate  in  a  variety  of  materials,  and  the 
elimination  of  a  glassy  grain  boundary  phase  decreases  the  creep 
rate  [10].  If  the  flow  of  the  glass  at  grain  boundaries 
controls  the  creep  rate,  elimination  of  the  glass  by  use  of 
purer  starting  powders  or  by  crystallization  of  the  Si02  glass 
should  decrease  the  creep  rate  of  the  matrix. 

The  stress  dependence  measured  for  the  matrix,  n=l.4,  is 
lower  than  that  measured  by  Sadananda  (n=3)  [2],  but  in  the 
range  typically  observed  for  ceramics  (n=l-3)  [10].  A  stress 
exponent  of  1.4  is  close  to  the  Newtonian  exponent  of  1.0 


LOG  STRAIN  RATE  (s'1)  LOG  STRAIN  RATE  (s_1) 


Pig.  3.  Creep  data:  (a)  creep  rate  as  a  function  of 
temperature.  (b)  creep  rate  as  a  function  of  stress. 
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expected  for  viscous  flow.  Slight  deviations  from  Newtonian 
behavior  are  usually  attributed  to  interface  limitations. 

The  matrix  creep  rates  measured  in  the  present  work  are  on 
the  same  order  of  magnitude  as  those  reported  by  Sadananda  et  al 
[1,2]  over  the  same  temperature  range,  at  similar  stresses  (10 
MPa  versus  20  MPa)  and  for  material  of  similar  grain  size.  The 
exact  amount  of  glass  in  the  samples  of  Sadananda  was  not 
reported,  so  small  differences  in  the  creep  rates  may  be  due  to 
differences  in  the  glass  content  or  composition. 

The  activation  energy  for  viscous  flow  in  fused  SiO,  is 
higher  (711  kJ/mol)  than  the  observed  activation  energy  for  flow 
in  the  matrix  (232  kJ/mol) .  Small  amounts  of  alkali  oxides  or 
hydroxyl  groups  can  lower  the  activation  energy  slightly.  For 
example,  0.1  w/o  hydroxyl  ion  only  lowers  the  viscosity  of  fused 
silica  to  "500  kJ/mol  [li].  Consequently  the  presence  of  such 
impurities  may  have  lowered  the  activation  energy  of  the  grain 
boundary  glass,  but  it  is  unlikely  to  lower  it  to  the  low  value 
observed  here.  The  matrix  activation  energy  found  here  is 
significantly  lower  than  that  reported  by  Sadananda  (430  kJ/mol) 
[2].  The  activation  energies  for  diffusion  in  MoSi2  are 
unavailable. 

The  matrix  may  have  softened  slightly  during  testing 
because  of  the  increased  segregation  of  the  Si02  glass  to  the 
grain  boundaries  during  the  test.  The  tests  were  run  in  order 
of  increasing  temperature,  which  could  produce  an  activation 
energy  lower  than  that  of  the  matrix  containing  Si02  glass  in 
a  static  microstructure. 

Sadananda  et  al  [2]  found  dislocation  subboundaries  in 
their  crept  matrix  samples.  Plastic  flow  inside  the  grains  and 
a  lower  total  glass  content  in  their  samples  could  account  for 
the  fact  that  they  obtained  a  higher  activation  energy  and  a 
higher  stress  exponent  than  that  measured  here. 

The  fast  creep  rates  of  the  MoSi2/Nb  composite  mean  that  it 
is  not  attractive  for  high  temperature  structural  applications. 
The  Nb  is  responsible  for  the  faster  creep  rate,  and  for  the 
time-dependent  strain  rate,  either  due  to  the  creep  of  the  Nb 
particles  themselves  or  because  of  the  deformation  of  the 
reaction  zone.  Meschter  [6]  had  suggested  that  a  Nb  particulate 
composite  might  have  low  toughness  due  to  the  formation  of  a 
brittle  (Mo,Nb)5si3  reaction  zone  with  a  weak  interface  which 
does  not  permit  ductile-phase  crack  bridging.  No  cracking  was 
observed  at  the  reaction  zone,  and  neither  the  particles  nor  the 
reaction  zone  were  visibly  deformed. 

Niobium's  creep  rate  is  strongly  time-dependent,  exhibiting 
a  t1/3  dependence  [12].  The  creep  rate  of  the  composite  is  also 
time  dependent,  and  was  found  to  fit  equation  (i)  which  contains 
a  t1/2  term  and  a  term  linear  with  time.  A  term  in  t,/3  plus  a 
linear  time  term  also  gave  good  fits.  The  MoSi2/Nb  creep  may  be 
the  sum  of  the  linear  MoSi2  deformation  and  the  time  dependent 
Nb  (and  possibly  reaction  zone)  creep. 

The  minimum  creep  rate  of  Nb  ("200  nm  grain  size)  is  on  the 
same  order  as  the  creep  rates  of  the  MoSi2  matrix  for  the  same 
temperature  and  stress  range.  The  creep  rate  of  the  MoSi2/Nb 
composite  is  faster  than  the  minimum  Nb  creep  rate.  Nb  creep 


rates  at  small  strains,  such  as  measured  in  this  work,  are 
faster  than  that  creep  rates  measured  at  large  strains,  so  the 
faster  creep  rates  of  the  composite  relative  to  the  matrix  may 
be  caused  by  the  very  rapid  initial  creep  rate  of  the  Nb. 

Niobium  has  a  stress  exponent  of  7.2  [12],  so  Nb  could 

contribute  to  higher  stress  exponent  of  the  composite  (2.0) 
relative  to  the  matrix  (1.4).  The  stress  exponent  in  the 
present  work  is  slightly  lower  than  the  value  of  "3  reported  by 
Sadananda  [2]  for  comparable  stresses  and  temperatures. 

On  the  other  hand,  the  creep  activation  of  Nb  calculated 
from  the  minimum  creep  rates  is  162  kJ/mol  which  is  lower  than 
the  MoSi2  matrix  value  of  232  kJ/mol .  If  the  Nb  deformation 
controls  the  creep  rate,  one  might  expect  the  composite's 
activation  energy  (119  kJ/mol)  to  be  smaller  than  that  of  the 
matrix,  but  not  smaller  than  that  of  Nb  as  is  observed  here. 
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Aluminosilicates  of  three  compositions  with  mullite  as  the 
major  phase  were  synthesized  bv  a  sol-gel  process  and  char¬ 
acterized  with  bulk  and  microchemicai  analyses  and  micro- 
structural  observation.  An  apparatus  for  measuring  the 
compressive  creep  up  to  1900  K  with  a  sensitivity  of  ±1  pm 
was  constructed  and  used  to  measure  the  creep  of  single¬ 
phase  mullite.  mullite  with  second-phase  glass,  and  mullite 
with  second-phase  corundum.  Measurements  in  air  at 
stresses  of  15  to  100  MPa  and  temperatures  of  1471  to  1724  K 
determined  that  samples  with  second-phase  glass  crept  more 
rapidly  than  single-phase  mullite  or  mullite  with  second- 
phase  corundum.  The  apparent  creep  activation  energies  de¬ 
termined  at  100  MPa  were  742  kj/mol  for  the  mullite 
containing  glass.  819  kj/mol  for  the  single-phase  mullite, 
and  769  kj/mol  for  the  mullite  with  second-phase  corundum. 
The  stress  exponents  determined  at  1724  K  were  1.6  for  the 
mullite  plus  glass,  1.5  for  the  single-phase  mullite.  and  1.2 
for  the  mullite  with  <*-AI20,.  The  creep  behavior  of  the  alu¬ 
minosilicates  containing  glass  were  consistent  with  rate  con¬ 
trol  by  the  viscous  flow  of  the  glass  and  the  measured  creep 
rates  were  in  good  agreement  with  creep  rates  calculated 
from  a  model  by  Dryden.  The  creep  behavior  of  the  com¬ 
pletely  crystalline  aluminosilicates  was  consistent  with  rate 
control  by  diffusional  creep.  [Key  words:  creep,  alumino¬ 
silicates,  mullite,  corundum,  glass.) 

I.  Introduction 

Mullite  is  a  well-known  refractory  and  an  uncommon 
mineral,  named  for  the  Island  of  Mull,  Scotland.1  The 
compositional  bounds  of  mullite  extend  from  3AI;Oi  SiO;  to 
3AI:0,  SiO;  (3:2  and  2:1  mullitcs).:  Mullite  has  several  at¬ 
tractive  characteristics  as  an  advanced  structural  material, 
such  as  chemical  stability  with  oxygen  at  high  temperature. 
Assessment  of  the  high-temperature  mechanical  properties  in¬ 
cluding  creep  behavior  is  critical  to  determining  its  suitability. 

Mullite  has  traditionally  been  derived  from  the  decomposi¬ 
tion  of  clays  or  minerals  such  as  kyanite.  resulting  in  a  product 
that  contains  glass  and  impurity  oxides,  which  can  degrade 
the  high-temperature  properties.  However,  a  number  of  work¬ 
ers''’’  have  developed  methods  of  producing  fine,  pure,  glass- 
free,  and/or  stoichiometric  mullite  powder.  Most  of  the  older 
work  on  the  creep  of  mullite  dealt  with  refractories  contain¬ 
ing  glass  and  other  phases  and  therefore  is  not  directly 
relevent.  There  has  been  a  recent  flurrv  of  interest  in  mullites 
mechanical  properties'1'’' 111 "  ^  "  after  the  intriguing 

work  by  Lessing  et  a! on  a  sol-gel  mullite  which  found  a 
creep  rate  lower  than  that  of  alumina  at  the  same  grain  size, 
stress,  and  temperature.  Creep  work  to  date  has  been  mainly 
in  flexure,''’1'  although  three  groups  have  reported  work  in 
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compression.1"1'  and  one  oral  report  was  made  of  creep  in 
tension.11'  A  wide  range  of  activation  energies  from  357  to 
1051  kJ/mol  have  been  found  for  various  aluminosilicate  com¬ 
positions  at  stresses  of  0.2  to  3(H)  MPa.“"1  Stress  exponents 
close  to  1.0  have  been  reported  in  several  studies,  although  a 
range  from  0.6  to  2.0  have  been  reported.'’'1' Grain  size  ex¬ 
ponents  of  I  to  3.7  have  been  determined  over  testing  tempera¬ 
tures  of  1450  to  1788  K."  ”  :‘J 

Compression  tests  were  chosen  for  the  present  work  be¬ 
cause  flexural  tests  present  special  difficulties  in  interpreta¬ 
tion1'  and  tension  tests  require  relatively  large  samples 
and/or  expensive  machining.  Their  main  inconvenience  is 
friction  at  the  platens,  which  leads  to  inhomogeneous  defor¬ 
mation  and  barreling.  These  effects  become  more  pro¬ 
nounced  at  higher  strains,  so  the  strain  was  maintained  at  less 
than  5^.  Significant  scatter  in  creep  results  obtained  by  dif¬ 
ferent  laboratories  on  material  which  is  nominally  the  same 
may  occur  for  a  myriad  of  reasons,  including  small  differ¬ 
ences  in  sample  composition,  microstructurc.  processing  or  in 
the  test  procedures  themselves.  Therefore,  tf :  samples  were 
extensively  characterized  and  the  characterizations  and  pro¬ 
cedures  described  in  detail.'" :i  In  the  present  work,  three 
mullite  compositions  were  Droduccd  by  sol-gel  methods  and 
tested:  one  single-phase,  one  containing  glass,  and  one  con¬ 
taining  second-phase  corundum.  The  mullites  were  character¬ 
ized  by  X-ray  diffraction,  chemical  and  physical  analyses, 
and  microstructural  observation.  The  results  of  creep  tests  on 
sintered  samples  between  15  and  100  MPa  and  temperatures 
of  1471  to  1724  K  are  reported  here.  Subsequent  reports 
will  deal  with  the  creep  of  single-crystal  mullite  and  mullite 
creep  literature. 


II.  Experimental  Procedure 

The  main  points  of  the  experimental  procedure  are  noted 
here.  Additional  information  about  the  equipment,  test  pro¬ 
cedure.  and  sample  preparation  is  found  elsewhere. :":i 

(1)  Equipment 

A  high-temperature  compressive  creep  tester  was  built  for 
this  work,  capable  of  applying  loads  of  35  to  300  lb  (15  to 
400  MPa)  in  air  at  temperatures  between  1300  and  1900  K, 
and  measuring  the  deflection  accurately  to  I  gm.  Factors 
such  as  frame  rigidity,  freedom  from  vibration,  transducer 
noise,  drift  and  calibration,  and  temperature  control  were 
considered  in  the  design.  The  transducer  measured  only  the 
sample  shortening.  The  tests  were  constant-load,  and  the  load 
was  applied  as  dead  load.  Data  aquisition  is  computer- 
controlled*  and  can  be  accessed  via  a  modem'  by  a  remote 
personal  computer.1 

(2)  Sample  Preparation 

Aluminosilicate  powders  of  three  compositions  in  the 
vicinity  of  mullite  were  synthesized  with  slight  variations'1 
from  a  procedure  detailed  elsewhere."  The  primary  starting 
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components  were  SilOC;HOi’  and  Al-O.  1.3H.-0.1  The 
dried  powder  was  either  uniaxially  cold  pressed  at  276  MPa 
(40  ksi)  into  flat  12.7  mm  <0  5  in.)  diameter  pellets  for  analy¬ 
ses  or  isostatically  cold  pressed  at  310  to  345  MPa  (45  to 
50  ksi)  into  cylindrical  pellets  to  be  used  as  creep  samples 
The  pellets  were  sintered  in  air  according  to  the  following 
schedule:  208-373  K  at  300  K/h:  373-1598  K  at  100  K/h"; 
1598  K.  hold  12  h:  1598  -1873  K  at  100  K/h;  1873  K  hold  2  h; 
1873-298  K  at  100  K/h  (furnace  cool). 

Creep  samples  consisting  ot  right  circular  cylinders  5  to 
8  mm  high  and  either  3  or  4  mm  in  diameter  were  cut**  from 
the  pellets.  The  ends  of  the  sample  were  polished  parallel 
with  a  special  polishing  jig,  and  the  sides  were  polished  to 
600-jzm  SiC. 

(3)  Testing  Procedure 

The  weight  of  the  load  train  (3  to  10  MPa  stress)  was  ap¬ 
plied  to  the  sample,  then  the  furnace  was  heated  to  1473  K 
over  3  to  4  h  and  equilibrated  overnight.  Two  types  of  experi¬ 
ments  were  performed:  (1)  change  in  stress  at  constant  ten 
perature  and  (2)  change  in  temperature  at  constant  stress. 
Tests  were  made  in  order  of  increasing  stress  and  temperature 
to  reduce  the  effects  of  transients.  A  minimum  of  0.3% 
strain,  and  usually  0.4%  to  0.5%  strain,  was  measured  at  each 
condition.  The  total  strain  for  one  sample  was  usually  <3% 
and  never  exceeded  5%.  For  a  temperature  increase,  the  tem¬ 
perature  setpoint  was  increased  with  the  load  on  the  sample, 
and  the  data  collection  commenced  as  soon  as  the  tempera¬ 
ture  reached  the  setpoint.  For  a  stress  increase,  a  jack  was 
used  to  support  the  weight  while  bricks  were  added  to  the 
platform.  The  amount  of  time  required  to  change  tempera¬ 
tures  or  stresses  was  usually  less  than  3  min  and  was  no  more 
than  7  min  in  any  instance. 

High-temperature  deflection  tests  were  also  made  without 
a  sample  in  order  to  evaluate  equipment  transients  resulting 
from  a  change  to  new  conditions.  A  small  piece  of  the 
SiC  platen  material  was  placed  between  the  platens  during 
these  runs. 

(4)  Data  Analysis 

Stress  was  calculated  as  engineering  stress  from  the  initial 
area  and  the  weight  applied.  No  correction  was  made  to  the 
stress  for  the  change  in  cross-sectional  area  during  the  run. 
Strain  was  calculated  as  true  strain  from  the  initial  height  and 
the  calibration  relation  between  deflection  and  voltage.  The 
log  of  the  strain  rate  was  plotted  versus  strain  to  determine 
the  onset  of  the  apparent  steady-state  creep.  The  creep  rate 
was  determined  by  a  straight-line  fit  to  the  true-strain  vs. 
time  data  within  this  latter  region. 

No  correction  was  made  to  the  creep  for  the  nearly  unde¬ 
tectable  ( <0.2  *im)  increase  in  grain  size  that  occurred  during 
some  of  the  creep  runs.  This  point  is  covered  further  in  the 
Results  and  Discussion  sections. 

Since  the  samples  contained  <1%  porosity  by  stereology, 
and  since  no  change  in  density  due  to  creep  was  detected,  no 
porosity  correction  was  made  to  the  creep  data. 

(5)  Characterization  Techniques 

The  chemical  compositions  of  the  powders  and  the  phase 
compositions  of  the  sintered  compacts  were  determined  by 
several  techniques.  The  density,  grain  size,  and  microstruc¬ 
ture  of  the  uncrept  and  crept  samples  were  evaluated.  In  addi¬ 
tion,  characterization  of  the  powders'  appearance  in  SEM, 
phase  content,  and  BET  surface  area  was  performed. 

Chemical  composition  was  determined  by  plasma  emission 
spectroscopy,”  electron  microprobe,”  and  X-ray  fluoresence 
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(XRF).i!  Phase  composition  was  determined  by  ill  X-rav  dif¬ 
fraction”  and  transmission  electron  microscopy  iTEM)*" 
with  electron  diffraction;  (2)  the  lever  rule,  using  the  chemi¬ 
cal  composition  and  the  phase  diagram.”  and  i3)  stereology 
of  scanning  electron  micrographs  (SEM)  Phase  analysis  ot 
sintered  creep  samples  and  of  powder  heat-treated  at  5 ’5  to 
1873  K  used  an  X-ray  diffractometer  clipped  with  CuAor 
radiation.  The  surface  area  of  unpressed  (uncompacted)  pow¬ 
ders  heat-treated  between  298  and  1873  K  was  measured  with 
a  sorptometer'"  using  ’-  absorption.  The  microstructure  of 
calcined  powder,  and  mat  of  'he  uncrept  and  crept  samples, 
were  examined  with  an  SEM'”  following  polishing  through 
1-pm  diamond  and  thermal  etching  at  1773  K  for  2  h  The 
grain  size  of  crept  and  uncrept  samples  was  measured  bv  the 
linear  intercept  method  with  a  digitizing  pad,*”  and  is  re¬ 
ported  as  the  inverse  of  the  specific  surface  area.  Longitudi¬ 
nally  sectioned  transmission  electron  microscopy  specimens 
were  prepared  by  mechanically  thinning,  dimpling,  and  ion 
beam  milling.  The  density  of  crept  and  uncrept  samples  was 
determined  by  the  Archimedes  method  with  distilled  water 
and  was  compared  with  the  point-counting  of  pores  in  SEM 
micrographs.  Vickers  hardness  was  measured1”  at  room  tem¬ 
perature  in  air  with  a  load  of  10  g  on  samples  freshly  polished 
through  1-Mm-diamond  paste. 

III.  Results 

(1)  Uncrept  Samples 

The  BET  surface  area  of  the  uncompacted  powders  de¬ 
creased  from  -360  m:/g  “as-dried"  to  10-20  m:/g  after  a  2-h 
hold  at  1873  K.  The  surface  area  of  the  three  compositions 
was  the  same. 

As  shown  in  the  X-ray  diffractograms  of  Fig.  1,  boehmite 
was  found  in  the  dried  gel.  After  heat  treatment  at  1598  K. 
the  trace  exhibited  a  well-defined  mullite  pattern,  and  the 
peaks  became  sharper  after  the  sintering  step  at  If  73  K.  Mull¬ 
ite  was  identified  in  all  three  compositions,  and  corundum  in 
the  77  wt%  composition  after  heat  treatment  at  1598  K.  No 
other  crystalline  phases  were  observed  by  X-ray  diffraction. 

The  un-heat-treated  powder  and  the  powders  heated  up  to 
1273  K  had  a  botryoidal  appearance.  The  powder  subse¬ 
quently  heated  to  1873  K  for  2  h  was  relatively  smooth. 

The  chemical  and  phase  compositions  and  some  micro- 
structural  properties  of  the  sintered  samples  are  shown  in 
Table  I.  The  average  chemical  compositions  were  67.7(g). 
73.0(5).  and  77.0(4)  wt%  Al:0<.  The  results  from  different 
techniques  agreed  within  experimental  error.  The  68  wt% 
composition  contained  3  to  8  wt%  glass  (assuming  the  eutec¬ 
tic  glass  composition)  and  the  77  wt%  composition  contained 
10  wt%  a-AI-Oy  according  to  both  the  phase  diagram”  and 
stereology.  An  estimate  of  the  chemical  homogeneity  is  ob¬ 
tained  from  the  standard  deviation  of  the  microprobe  results, 
assuming  the  density  to  be  uniform  on  the  scale  of  the  beam 
size  (-20  fj.tr,).  The  single-phase  polycrystalline  sample 
was  the  least  homogeneous,  with  a  standard  deviation  of 
-2.3  wt%  AI;Oj.  Tht  homogeneity  of  the  other  two  compo¬ 
sitions  was  similar,  with  microprobe  standard  deviations  of 
0.9  to  1.0  wt%  Al;Oi. 

The  hardnesses  were  9.2  to  9.6  GPa  for  the  three  composi¬ 
tions. 

TEM  and  electron  diffraction  revealed  mullite  in  all  three 
sintered  compositions.  The  grain  boundaries  of  the  68  wt% 
composition  were  surrounded  by  a  glassy  phase  and  elongated 
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Fig.  I.  X  ray  diffraction  trace  of  ponder  after  heating  at  various 
’emperatures.  lAi  unheated  gel.  (Bt  773  K  for  I  h.  (Cl  1273  K  for 
I  h.  iDl  1273  K  for  12  h.  lei  Tn73  K  for  2  h 

corundum  grains  were  identified  in  the  77  wt'T  composition. 
No  other  phases  were  observed  by  electron  diffraction.  Glass 
was  not  found  in  the  73  or  77  wtr?  compositions  at  the  triple 
points  or  grain  boundaries  at  a  scale  of  10  nm.  Small  faceted 
pores  or  pockets  which  may  have  originally  been  filled  with 
glass  were  observed  by  TEM  and  SEM  in  the  center  of  ap¬ 
proximately  5r(  of  the  grains  of  all  three  compositions.  The 
pores  or  glass  pockets  were  typically  found  in  the  largest 
grains.  Intergranular  porosity  was  occasionally  observed. 

According  to  the  Archimedes  method,  the  densities  were 
theoretical  for  the  68  and  73  wt^  compositions  and  97fr 
theoretical  for  the  77  wt'T  composition.  By  stereology.  how¬ 
ever.  the  densities  were  higher;  <1*T  porosity  was  measured 
by  point  counting,  and  the  latter  measurement  should  be 
more  accurate. 

Typical  microstructures  of  uncrept  samples  obtained  with 
SEM  are  shown  in  Fig.  2  and  TEM  micrographs  arc  shown  in 
Fig.  3  The  mullite  grains  in  the  68  wtrc  composition  were 
smooth,  rounded,  surrounded  by  glass  and  had  an  average 
mullite  grain  size  of  0.96  /xm.  The  mullite  grains  in  the  73 
and  77  wiT  compositions  were  mostly  equiaxed.  with  rare 
elongated  grains.  The  average  mullite  grain  sizes  were  0.74 
and  0.82  /am,  respectively.  The  standard  deviation  of  the 
grain  sizes  ranged  from  0.15  to  0  40  jam.  The  grain 
boundaries  in  the  77  and  77  wtT  compositions  were  smooth, 
and  either  flat  or  very  slightly  curved.  In  the  77  wt^  compo¬ 
sition.  the  intergranular  corundum  grains  were  approximalely 
5  aim  long  and  0.5  to  1.0  jam  in  diameter  TEM  of  the  uncrept 
samples  revealed  dislocations  in  some  grains,  often  associated 
with  the  intragranular  defect 


Table  I.  Some  Chemical  and  Microstructural  Properties 
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Fi*.  2-  SEM  Micrographs  of  uncrept  samples  lA)  rr.ullite  plus 
glass.  (B)  single  phase  mullue.  (Cl  mullue  plus  o-AI-O. 

(2)  Crept  Samples 

A  change  in  density  due  to  creep  was  not  detected 
The  average  grain  sizes  for  a  g>  en  composition  cither  did 
not  change  or  increased  slightly  during  the  creep  tests  Typi- 
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Fig.  3.  TEM  micrographs  of  samples  (A)  uncrept  68  wt crr  AI;Oi 
composition  showing  glass  at  grain  boundaries  and  triple  point. 
(B)  crept  73  wt'T-  Al.-Oi  composition  showing  gram  boundary. 
(Cl  crept  77  wt'T-  AI;Oi  composition  showing  elongated  corundum 
grain 


cal  increases  (determined  by  averaging  all  samples  of  a 
given  composition)  were  on  the  order  of  0  1  ^m  These  results 
are  consistent  with  other  grain  growth  and  densilieaiion 
measurements.^ 

Pronounced  microstructural  changes  due  to  creep  were  not 
detected  with  SEM.  In  TEM.  crept  samples  exhibited  some¬ 
what  higher  dislocation  densities  than  the  corresponding  un¬ 
crept  samples,  but  dislocation  densities  were  low  In  all  three 
compositions,  the  dislocation  densities  were  highest  in  the 
largest  grains  and  were  associated  with  the  pores  or  glass  in 
these  grains.  Dislocations  were  not  found  in  the  mullite 
grains  surrounding  the  corundum  grains  in  the  77  wtO  com¬ 
position.  as  shown  in  Fig.  3(0.  Intergranular  separations 
were  occasionally  observed  between  the  corundum  and  adja¬ 
cent  mullite  grains.  Neither  cavitation  nor  change  in  grain 
shape  was  observed  in  any  of  the  samples  Evidence  of  grain 
boundary  sliding  was  seen  in  the  68  wt'T  composition,  but  was 
not  observed  in  the  73  ot  77  wt^  compositions.  It  is  possible 
that  these  microstructural  changes  were  not  observed  because 
of  the  low  total  strain  (<5cr)  experienced  by  the  samples. 

(3)  Creep  Results 

A  short,  initial  stage  of  rapid  compression  was  observed  in 
most  experiments,  except  at  the  highest  temperatures,  hetore 
the  creep  rate  reduced  to  an  apparent  linear  creep  rate,  js 
shown  in  Fig.  4.  These  "‘steady-state"  creep  rates  are  plotted 
as  a  function  of  temperature  and  stress  in  Figs.  5  and  n. 
respectively. 

The  creep  rates  for  the  68  wt'T  composition  were  faster 
than  those  of  the  73  and  77  wt'T  compositions,  which  were 
very  similar  to  one  another. 

The  apparent  activation  energy  for  each  composition  was 
determined  from  a  plot  of  the  natural  log  of  the  true  strain 
rate  vs  reciprocal  temperature,  as  shown  in  Fig  5  The  activa¬ 
tion  energies  at  100  MPa  were  742  kJ/mol  for  the  t>6  »f  - 
composition.  819  kJ/mol  for  the  73  wt<>  composition,  anj 
769  kJ/mol  for  the  77  wt'T  composition. 

The  stress  exponents  at  1724  K  were  determined  from  a 
plot  of  logarithm  of  the  true  strain  rate  vs  logarithm  of  stress 
to  be  1.6.  1.5.  and  1.2  for  the  68.  73.  and  77  »trr  composi¬ 
tions.  respectively,  as  shown  in  Fig.  6. 

A  relatively  large  initial  transient  due  to  the  application  ot 
>200  kg  is  shown  in  Fig.  4(C);  the  initial  transients  due  to  a 
change  in  temperature  at  constant  load  were  much  smaller 
These  initial  transients  match  well  with  the  initial  transients 
measured  in  the  high-temperature  deflection  tests  that  were 
made  without  a  sample,  and  thus  are  associated  primanlv 
with  the  equipment.  However,  a  subtle  nonlinearity  was 
sometimes  found  in  the  apparent  linear  region,  as  in  the  ap¬ 
parent  linear  region  of  Fig.  4(C).  Even  in  cases  where  the 
strain-time  data  in  the  "linear”  region  could  be  fitted  with  a 
straight  line  yielding  a  correlation  coefficient  of  >0 .99.  a 
comparison  of  the  residuals  from  a  straight  line  fit  and  from 
other  expressions  for  strain,  such  as  the  Andrade  expression 
plus  a  linear  term,  or  a  polynomial  in  ti;  or  revealed  a 
small  degree  of  nonlinearity.  This  nonlinearity  consisted  ot  a 
steadily  decreasing  creep  rate  and  was  only  detectable  in  the 
longer  creep  tests. 

IV.  Discussion 

At  a  particular  temperature  and  stress,  the  creep  rates  ot 
the  three  different  compositions  were  within  a  factor  of  10  of 
one  another.  The  apparent  creep  activation  energies,  stress 
exponents,  and  strain-time  dependencies  of  the  three  compo¬ 
sitions  were  similar.  The  samples  containing  glass  crept  about 
an  order  of  magnitude  faster  than  the  samples  without  glass 
The  presence  of  the  elongated  corundum  particles  caused  onlv 
a  very  minor  reduction  of  the  creep  rate  relative  to  the  single¬ 
phase  material.  These  observations  suggest  that  the  same 
mechanisms  may  be  rate-controlling  in  the  three  compositions. 
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Fig.  4.  Examples  of  (A)  true  sliain  vs  time.  (B)  true  strain  rate  vs 
strain,  and  (C)  strain  vs  time  showing  a  large  initial  transient  due 
to  load  applications  and  an  apparent  steady-state  creep  region  con¬ 
taining  a  small  amount  of  grain  growth. 

Certain  creep  mechanisms  can  be  tentatively  eliminated  in 
the  present  results.  Mechanisms  requiring  extensive  cavita¬ 
tion  or  requiring  substantial  grain  deformation  as  in  power- 
law  creep  seem  unlikely  because  such  deformation  was  not 
observed.  Some  dislocations  were  formed  around  defects  in¬ 
side  crept  grains,  and  a  few  dislocations  were  observed  at  the 
grain  boundaries  after  creep,  but  these  were  not  nearly  exten¬ 
sive  enough  to  support  models  requiring  dislocation  motion 
and  plastic  deformation  inside  the  grains.  In  addition,  the 
stress  exponents  measured  here  do  not  support  dislocation 
creep  models,  for  which  n  =  3  to  5.;' 

In  the  glass-containing  samples,  grain  boundary  sliding  was 
observed  within  the  glassy  boundary  phase  of  the  crept  sam¬ 
ples.  Where  mullite  grain  boundaries  were  offset,  the  gap  was 


Fig.  5.  True  strain  rate  as  a  function  of  reciprocal  temperature  at 
100  MPa. 

filled  with  glass.  The  lack  of  internal  mullite  grain  deforma¬ 
tion.  the  stress  exponents  close  to  1.  and  the  microstructural 
evidence  suggest  a  viscous  flow  mechanism.  Drvden>  and 
Drucker:7  have  treated  the  viscous  deformation  of  hard  circu¬ 
lar  or  hexagonal  grains  surrounded  by  a  viscous  grain 
boundary  phase.  They  find  that  the  effective  viscosity,  n,., ,  of 
the  material  is  inversely  proportional  to  the  cube  of  the  vol¬ 
ume  fraction./,  of  the  boundary  phase: 

ricn  *  «■//•'  (1) 

where  n,  is  the  intrinsic  viscosity  of  the  grain  boundary  phase. 
The  shear  strain  rate  and  shear  stress  are  related  by 

y  =  r/nM  (2) 

The  composition  of  the  grain  boundary  phase  is  uncertain 
because  the  final  sintering  hold  was  at  1873  K.  just  above  the 
eutectic  temperature  (1860  s  10  K)  but  the  creep  tests  were 
made  well  below  the  eutectic  temperature.  The  fine  scale  of 
the  microstructure  makes  microprobe  analysis  difficult.  If  in 
equilibrium  above  the  eutectic  temperature,  5.9  *  2.5  wt^r 
(8.1  vol%)  of  glass  of  the  eutectic  composition  (  =  7  wt <T 
Al;Oj)  is  present  according  to  the  phase  diagram.  If  the 
samples  were  in  equilibrium  at  the  test  temperature.  3  9  - 
2.0  wt%  (5.4  vol%)  of  SiO;  glass  would  be  present. 

The  creep  rates  for  Dryden's  model  were  calculated  for 
pure  SiO:  glass  and  for  glass  of  the  eutectic  composition  (by 
extrapolation  of  the  viscosity  data  of  Urbain:s  to  lower  tem¬ 
peratures)  at  several  volume  fractions.  The  measured  creep 
rates  and  some  of  the  predicted  rates  are  plotted  in  Fig.  7.  As 
may  be  seen  in  Fig.  7,  the  experimental  data  match  well  with 
the  use  of  4  vol%  of  the  SiO;  glass.  This  volume  fraction  is  in 
agreement  with  that  calculated  for  equilibrium  below  the  eu- 
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Fig.  6.  True  strain  rate  as  a  function  of  stress  at  1724  K. 
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Fig.  7.  Comparison  of  present  creep  remits  for  samples  containing 
mullite  and  glass  with  strain  rates  calculated  from  Drydens  model. 
Calculated  creep  rates  are  for  either  SiO:  glass  or  glass  of  the  eu¬ 
tectic  composition  (-7  wf<r  Al;0-,) 

tectic  temperature  from  the  chemical  composition  and  phase 
diagram,  within  experimental  error.  Eight  volume  percent  of 
the  eutectic  composition  glass  gives  a  creep  rate  several  or¬ 
ders  of  magnitude  higher  than  the  experimental  results.  To 
match  the  experimental  data  at  1724  K,  only  0.7  vol%  of  the 
eutectic  glass  could  be  present. 

The  activation  energy  for  viscous  flow  in  fused  SiO:  glass  is 
=711  kJ/mol,"  which  is  roughly  comparable  to  the  creep  acti¬ 
vation  energy  (742  kJ/mol)  measured  here.  The  activation  en¬ 
ergy  of  the  eutectic  glass  is  estimated  to  be  =  482  kJ/mol 
from  Urbain's  data.'" 

According  to  Dryden’s  model  of  perfect  hexagons,  the 
creep  rate  is  independent  of  grain  size,  since  the  creep  rate 
depends  only  on  the  dimensions  of  the  boundary  layer,  and 
thus  on  the  volume  fraction  of  glass.  For  a  given  volume  frac¬ 
tion  of  glass  there  can  be  only  one  boundary  layer  width  (h) 
and  length  (/)  which  determines  the  volume  fraction  of  glass. 
In  a  real  material,  for  a  given  volume  fraction  of  glass,  the 
dimensions  of  the  boundary  layer  depend  on  the  grain  size 
distribution  and  on  the  arrangement  of  these  grains  in  the 
microstructure.  In  these  samples  we  observed  that  the  stan¬ 
dard  deviation  of  the  grain  size  increases  with  an  increase  in 
the  mean  grain  size.  On  average  the  ratio  l/h  will  increase  as 
the  grain  size  increases.  The  rate  at  which  two  grains  can  be 
squeezed  together  is  proportional  to  the  cube  of  the  inverse 
aspect  ratio  h/l.  Thus  if  h/l  increases  linearly  with  grain  size, 
the  creep  rate  will  depend  on  the  cube  of  the  grain  size. 
Ohnishi  et  at."  have  reported  a  grain  size  exponent  of  3  in 
their  measurements  on  a  68  wt%  AUOi  composition  contain¬ 
ing  mullite  and  glass. 

In  summary,  the  microstructurai  observations,  stress  expo¬ 
nent,  activation  energy,  grain  size  dependence,  and  the  mag¬ 
nitude  of  the  creep  rates  are  consistent  with  control  by  a 
viscous  flow  mechanism  for  the  samples  containing  glass.  The 
use  of  SiO;  glass  viscosity  gives  a  better  fit  to  the  data  than 
the  eutectic  glass  viscosity  for  the  volume  fraction  present. 

Although  the  creep  parameters  for  the  samples  with  and 
without  glass  are  similar.  Dryden’s  model  does  not  give  a 
good  fit  to  the  experimental  data  for  the  glass-free  composi¬ 
tions,  unless  the  thickness  of  the  viscous  boundary  layer  is  on 
the  order  of  -l  nm,  as  shown  in  Fig.  8.  To  test  whether 
Drydens  model  could  be  applied  to  these  compositions,  we 
assumed  that  the  grain  boundary  consists  of  a  layer  with  vis¬ 
cosity  equal  to  that  of  a  glass  of  the  2:1  mullite  composition 
(-60  mol%  AI:Ot).  and  used  the  experimental  creep  values 
to  calculate  the  boundary  layer  thickness  of  -1  nm  on  a  1  41m 
diameter  spherical  grain. 

As  was  the  case  for  the  samples  containing  glass,  the  meas¬ 
ured  creep  activation  energies  were  significantly  higher 
(  =  790  kJ/mol)  than  that  estimated  from  Urbain's  data 
(482  kJ/mol). 


!04  /  T  (K-’) 

Fig.  8.  Comparison  of  present  creep  results  for  elass-free  samples 
with  strain  rates  calculated  according  to  Drvdens  model  and  a  dif- 
fusional  creep  model. 

Another  model  which  is  consistent  with  the  observed  stress 
dependence  and  microstructurai  observations  is  diffustonal 
creep.  In  diffusional  creep,  the  strain  rate;?  is 

£  =  \4oClDLiJd:kT  (3) 

where  fl  is  the  “molecular  volume"  of  mullite  (2.24  x  10  m'l. 
<r  is  the  stress,  d  is  the  grain  size,  k  is  Boltzmann's  constant.  T 
is  temperature,  and  Dc »  is  the  effective  diffusion  coefficient. 
The  diffusional  creep  model  was  tested  for  fit  by  extrapolat¬ 
ing  a  diffusion  coefficient  into  the  lower  temperatures  of  the 
creep  tests  and  using  it  as  the  effective  diffusion  coefficient. 
D, Few  diffusion  measurements  are  available  for  mullite. 
Klug"  has  calculated  an  effective  diffusion  coefficient  of 
AUOj  in  mullite  from  a-AljOi  precipitation  experiments  to 
be  3.6  x  10*  exp[(-2000  kJ/moD/RT]  m:/s.  Aksay  meas¬ 
ured  the  interdiffusion  coefficient  of  mullite  to  be  3.23  x 
1 0s  exp{(-703  kJ/mo!//?T]  The  use  of  the  diffusion  coeffi¬ 
cient  measured  by  Klug  as  an  effective  diffusivitv  in  Eq.  (31 
results  in  a  creep  rate  orders  of  magnitude  smaller  than  the 
measured  creep  rates.  As  shown  in  Fig.  8.  use  of  the  interdif¬ 
fusion  coefficient  measured  by  Aksay'  with  the  activation 
energy  of  703  kJ/mol  gives  creep  rates  which  are  about  a 
factor  of  3  higher  than  the  experimental  values.  However, 
the  calculated  and  experimental  creep  rates  are  within 
experimental  error  with  the  use  of  an  activation  energy  of 
732  (703  +  29)  kJ/mol. 

The  large  difference  in  activation  energies  obtained  by 
Klug  and  Aksay  is  remarkable.  Klug's  precipitation  experi¬ 
ment  primarily  involved  lattice  diffusion,  so  perhaps  the 
measurement  by  Aksay  reflects  a  strong  component  of  grain 
boundary  diffusion. 

Although  the  magnitude  of  the  experimentally  measured 
creep  rate  is  within  the  predicted  range  of  diffusional  creep, 
the  apparent  creep  activation  energy  of  -790  kJ/mol  for  the 
glass-free  samples  is  either  somewhat  higher  or  significantly 
lower  than  that  of  the  available  diffusion  data.  The  measured 
stress  dependence  is  greater  than  the  value  of  one  expected 
for  diffusional  creep,  indicating  possible  interface  control. 
Cavitation,  which  could  produce  n  >  1,  was  not  observed  in 
the  glass-free  samples. 

The  grain  size  exponents  (p  =  1  to  3)  which  have  been  re¬ 
ported1’ for  single-phase  mullite  and  mullite  containing 
corundum  are  insufficient  to  distinguish  between  the  applica¬ 
tion  of  a  Dryden-type  model  and  diffusional  creep.  In  addi¬ 
tion  to  more  microstructurai  observations  of  crept  samples, 
more  data  are  needed  on  diffusion  of  the  various  species 
through  the  lattice  and  grain  boundaries  in  mullite  and  on 
the  activation  energy  of  viscous  flow  of  glasses  of  these  com¬ 
positions  in  order  to  distinguish  between  these  models. 

The  small  decrease  in  creep  rate  observed  in  the  apparent 
steady-state  region  is  consistent  with  that  due  to  grain  growth. 
For  example,  in  the  sample  shown  in  Fig.  4(C).  the  expected'"’ 
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increase  in  grain  size  of  -0.2  pm  could  account  for  the  ob¬ 
served  decrease  in  creep  rate  from  7  x  10''  to  5  x  10"  s1 
over  a  period  of  33  h.  assuming  a  grain  size  exponent  of  2  to  3. 

V.  Summary 

Three  aluminosilicate  compositions  were  synthesized, 
characterized,  and  creep  tested:  a  68  wt'T  AUO-.  composition 
containing  mullite  and  glass:  a  73  wt'T  ATO,  composition 
consisting  of  single-phase  mullite:  and  a  77  wt c'c  Al.-O-.  con¬ 
taining  mullite  plus  corundum.  Stress  exponents  from  1.2  to 
1.6  and  apparent  activation  energies  from  742  to  819  kj/mol 
were  determined  from  compression  tests  conducted  in  air 
with  creep  apparatus  built  for  this  work. 
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Abstract.  A  multiple-unit  fibre  tester  with  a  controlled  environment  and  fully 
computerized  data  acquisition  and  control  has  been  designed  and  constructed  to 
study  the  thermomechanical  behaviour  of  fibres  at  high  temperatures.  High 
temperatures  are  achieved  by  a  self-resistance  heating  technique,  strains  are 
estimated  from  displacement  measurements  using  lvdts,  while  temperature  is 
measured  using  a  two-colour  infrared  pyrometer.  In  the  determination  of 
displacements  0.25  can  be  resolved,  while  temperature  stability  can  be  achieved 
over  long  periods  of  time.  The  temperature  difference  between  the  hottest  and 
coldest  points  in  the  hot  zone  was  minimized  to  30  °C  at  1500  °C  by  combining 
appropriate  values  of  gas  flow  rates  and  fibre  gauge  lengths.  Examples  of  creep 
and  thermal  expansion  measurements  are  presented  for  SCS-6  SiC  fibres  over  the 
temperature  interval  of  900-1500  °C. 


1.  Introduction 

In  the  quest  for  more  efficient  energy-conversion  systems 
a  need  has  been  created  for  materials  capable  of  retaining 
their  strength,  stiffness  and  environmental  stability  at 
higher  and  higher  temperatures.  However,  there  are  only 
a  handful  of  materials  with  melting  temperatures  above 
2500  °C  and  most  of  them  are  either  carbides,  nitrides 
or  oxides  [I],  Although  some  of  these  candidates  offer 
many  outstanding  properties  for  high-temperature  struc¬ 
tural  applications,  their  use  is  limited  in  part  because 
they  are  brittle  in  nature,  leading  often  to  catastrophic 
failure. 

The  recent  availability  of  continuous  high-perform¬ 
ance  fibres  provides  a  promising  alternative  in  achieving 
damage-tolerant  structural  materials  through  their  use 
as  reinforcements  in  composite  materials.  But  to  under¬ 
stand  and  then  predict  the  overall  deformation  of 
composite  materials  it  is  first  necessary  to  understand 
the  individual  responses  of  the  different  phases  under 
the  same  thermomechanical  conditions  that  structural 
applications  will  eventually  impose. 

Data  are  required  from  both  the  scientific  and  en¬ 
gineering  points  of  view.  For  the  former  it  is  important 
to  obtain  information  on  the  materials’  structure- 
properties  relations  to  improve  their  performance, 
whereas  for  the  latter,  even  the  most  sophisticated 
composite  algorithms  require  accurate  input  data.  In  the 
case  of  fibres,  data  on  their  thermomechanical  behaviour 
at  high  temperatures  are  scarce  and  often  misleading. 

Since  high-temperature  structural  applications  will 
impose  temperatures  in  excess  of  1500  °C,  in  addition 
to  a  high  melting  point,  creep  resistance  and  service  life 
are  without  a  doubt  the  most  limiting  requirements  for 
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any  candidate  material.  However,  the  need  for  long- 
duration  creep  data  and  the  inherent  difficulties  encoun¬ 
tered  in  the  testing  of  single  fibres  pose  a  requirement 
for  relatively  inexpensive  testing  procedures,  making  a 
multiple-unit  testing  apparatus  highly  desirable. 

Different  approaches  have  been  followed  for  the 
mechanical  testing  of  fibres  at  high  temperatures,  ranging 
from  the  use  of  commercial  machines  and  special  designs 
[2-6],  to  simple  and  ingenious  techniques  [7-10].  The 
main  consideration  in  the  design  of  equipment  for  high- 
temperature  mechanical  testing  of  fibres  is  the  heating 
procedure,  although  the  stressing  mechanism,  defor¬ 
mation  and  temperature  measurements,  environment, 
stability  and  control  are  also  important  considerations. 

Two  approaches  have  been  used  to  achieve  high 
temperatures  in  the  evaluation  of  stiffness,  strength, 
fatigue,  dynamic  properties,  relaxation  and  creep  for 
fibres:  (i)  hot-wall  systems  and  (ii)  self-resistance  heating. 
Although  most  of  the  results  reported  in  the  literature 
on  fibre  testing  at  high  temperatures  have  been  obtained 
while  the  fibre  is  exposed  at  high  temperatures 
[2,4,5,7-18],  some  results  refer  to  ambient  tests  on 
samples  that  have  been  previously  exposed  to  extreme 
conditions  [19-21], 

(i)  Hot-wall  systems.  Because  it  is  desirable  to  avoid 
the  interference  of  grip  deformation  in  the  determination 
of  strains,  most  tests  are  carried  out  with  the  fibre  grips 
held  at  room  temperature,  which  in  a  heated-wall  system 
results  in  a  semi-parabolic  temperature  profile  along  the 
fibre.  Creep  measurements  on  boron,  aiumino-silicate 
and  SiC  fibres  have  been  reported  using  this  approach 
[7, 9,  11,  15].  The  obvious  problems  with  this  approach 
are  the  need  to  correct  for  non-uniform  temperature 
distributions  and  the  difficulty  in  determining  gauge 
lengths.  Several  different  properties  have  been  reported 
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under  these  circumstances  but  no  details  have  been 
presented  on  the  necessary  corrections  for  the  lack  of 
uniform  temperature  distributions  in  stiffness  and  creep 
measurements,  for  example  [  1 5],  An  algorithm  to  extract 
isothermal  properties  from  parabolic  temperature  distri¬ 
butions  was  recently  developed  and  applied  to  correct 
measurements  of  the  dynamic  in-phase  and  loss  moduli 
of  SiC  fibres  up  to  1600  C  [4], 

(ii)  Self -resistance  heating.  This  approach  has  been 
used  to  test  carbon,  tungsten,  boron  and  SiC  fibres 
[5,  14,  16,  18]  and  is  limited  to  electrically  conductive 
fibres.  The  main  attributes  of  this  heating  procedure  are 
well  defined  isothermal  gauge  lengths,  cold  grips  and 
the  ability  to  perform  very  fast  temperature  changes. 
However,  the  dependence  of  temperature  control  on  the 
structural  changes  in  the  fibre  can  be  a  major  disadvan¬ 
tage.  For  example,  changes  in  the  cross  section  and 
therefore  in  electrical  resistance  can  lead  to  the  formation 
of  hot  spots,  or  regions  of  localized  heating.  This  is  a 
common  problem  in  the  testing  of  filaments  susceptible 
to  oxidation  in  aggressive  environments,  or  samples 
which  undergo  necking  before  failure.  Another  disadvan¬ 
tage  of  this  approach  is  that  arcing  can  occur  when  the 
specimens  break  and  the  electric  circuit  is  suddenly 
opened,  melting  and/or  evaporating  the  specimen  near 
and  at  the  two  fracture  surfaces  and  preventing  any 
fractographic  examination.  When  arcing  has  become  a 
major  problem,  special  circuits  have  been  designed  to 
shut  off  the  current  just  prior  to  failure  [22], 

In  this  report,  a  multiple-unit  apparatus  in  which 
the  self-resistance  heating  technique  has  been  used  to 
achieve  high  temperatures  for  the  thermomechanical 
evaluation  of  ceramic  fibres  is  described.  First,  an  overall 
description  of  the  apparatus  is  presented  in  section  2, 
including  a  detailed  description  of  a  representative  unit. 
Section  3  describes  the  data  acquisition  and  control 
process,  and  details  of  the  operation  and  some  examples 
of  experimental  results  are  presented  in  section  4.  Finally, 
section  S  includes  a  summary  and  comments  on  the 
attributes  and  limitations  of  the  equipment. 


9.  The  apparatus 

An  overall  block  diagram  for  the  high-temperature  fibre 
testing  facility  (htftf)  is  shown  in  figure  1,  and  each  of 
the  major  components  is  described  below. 

2.1  Mechanical  design 

2.1.1.  Mounting  frame.  The  apparatus  consists  of  six 
independent  single-fibre  units  (refer  to  figure  2)  arranged 
in  a  semicircle  and  mounted  on  a  stiff  frame.  The  frame 
consists  of  a  rigid  steel  plate  101.6  x  64.8  x  1.9  cm  and 
two  aluminium  platforms  separated  by  five  columns  of 
adjustable  height. 

Paper-reinforced  phenolic  blocks  are  used  to  mech¬ 
anically  support  and  electrically  isolate  the  units'  end- 
caps  from  the  frame.  The  frame  is  supported  by  six 


pneumatic  spring  mounts  (Barry  Controls'  model 
SLM-1)  and  kept  inside  a  rectangular  acrylic  plastic  box 
to  avoid  the  hazards  of  high  voltages. 

2.1.2.  Single-fibre  units.  Each  of  the  six  single-fibre  units 
resembles  a  parallel  vertical  flow  reactor  used  for  the 
cvd  coating  of  fibres  and  consists  of  two  identical  end- 
caps  and  one  2.54  cm  diameter  quartz  tube  (see  figure  2). 
Each  end-cap,  7.5  x  7.5  x  5.0  cm  in  size,  has  a  system  of 
internal  channels  to  allow  for  water  cooling  and  a  small 
internal  cylindrical  cavity  connected  to  an  external  man¬ 
ometer.  The  cavities  are  filled  with  mercury  to  provide 
electrical  contact  between  the  end-caps  and  the  fibres 
while  working  at  the  same  time  as  a  sealant  to  prevent 
gases  from  leaking  out  of  the  units.  The  fibres  pass 
through  two  perfectly  aligned  0.0254  cm  diameter  holes 
located  on  the  top  and  bottom  of  the  mercury  receptacles 
at  the  centre  of  the  end-caps.  The  large  angle  of  contact 
of  mercury  coupled  with  the  small  size  of  the  holes 
prevents  mercury  from  dripping.  A  cross  section  of  the 
end-cap  is  presented  in  figure  3. 

2.2.  Heating  procedure  . 

High  temperatures  are  achieved  by  applying  a  high  dc 
voltage  at  the  end-caps  using  a  programmable  high- 
voltage  power  supply  (Kepco*  BHK  500-0.4M).  The 
voltage  and  current  specifications  of  the  power  supply 
will  depend  on  the  electrical  properties  of  the  fibres.  In 
the  case  of  composite  SCS-6  SiC  fibres  composed  of  a 
pyrolytic  graphite-coated  glassy  carbon  substrate,  a 
0-SiC  sheath  and  a  carbon-rich  coating,  the  fibres  behave 
like  a  network  of  four  resistors  in  parallel  where  most 
of  the  current  will  be  flowing  through  the  pyrolytic 
graphite  layer  and  the  outside  coating  (see  figure  4J.  A 
transport  analysis  in  which  radiation  and  bimodai  con¬ 
vection  are  considered  was  developed  to  predict  the 
power  requirements  and  the  temperature  distribution 
inside  a  unit  of  the  htftf  using  these  fibres.  The  analysis 
was  extremely  useful  in  determining  the  required  specifi¬ 
cations  of  voltage  and  current  of  the  power  supplies. 
Details  of  the  analysis  can  be  found  elsewhere  [23]. 

1. J.  Measurements  and  electronic  circuitry 

Displacements  are  measured  using  linear  variable  differ¬ 
ential  transducers  (lvdt)  (Shaevitz®  model  200  DC-D) 
with  the  lvdt  core  attached  to  the  bottom  end  of  the 
fibres.  Figure  5  describes  the  arrangement.  The  tempera¬ 
ture  is  read  using  a  two-colour  pyrometer  with  a 
4-20  mA  linear  output  (Mikron®  77  78  senes)  and  a 
700-2000  °C  temperature  range.  The  sensor  is  focused 
at  the  fibre  surface  using  a  fibre  optic  lens  assembly 
that  enables  temperature  measurements  on  a  0.0127  cm 
spot  at  a  5  cm  focus  distance.  The  lens  assembly  is 
mounted  onto  a  rotating  table  (DAEDAL*  20501 -P) 
controlled  by  a  programmable  positioner  (DAEDAL* 
MC5001 -MS-23)  that  allows  a  0.0002°  travel  for  each 
microstep  in  the  motor.  This  approach  serves  two  pur¬ 
poses:  it  allows  for  multiple  simultaneous  expenments 
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Figure  1.  Schematic  diagram  of  the  multiple-unit  high  temperature  fibre  testing  facility. 


with  only  one  temperature-measuring  device,  while  pro¬ 
viding  extreme  precision  for  focusing  the  lens  assembly 
on  very  small  spot  sizes.  The  MC5001-MS-23  contains 
a  board  that  occupies  one  slot  in  the  pc,  one  single¬ 
axis  motor  driver  and  a  10  000  steps/revolution  micro¬ 
stepping  motor. 

Voltage  signals  from  the  lvdts  are  connected  to  an 
analogue  termination  panel  (Intelligent  I/O*  IQ- HOT) 
where  noise  filtering  is  carried  out.  The  4-20  mA  signal 
from  the  temperature  readings  is  passed  through  a  500  ft 
resistor  in  the  termination  panel  and  also  filtered.  The 
termination  panel  is  connected  to  a  12-bit  resolution  a/d 
converter  module  (Intelligent  I/O*  IQ-102M-1)  which 
is  mounted  onto  a  carrier  with  32  bits  of  digital  I/O 
(Intelligent  I/O*  IQ-101C-2),  which  in  turn  plugs  directly 
into  an  expansion  slot  in  a  pc  (ZEOS*  386  20  MHz). 
Connected  also  to  the  carrier  are  a  counter,  timer,  pulse 
generator  module  (Intelligent  I/O*  IQ-107M-1)  and  an 
eight-channel  12-bit  d/a  module  (Intelligent  I/O* 
IQ-121M-1A),  with  the  latter  connected  externally  to  a 
second  termination  panel  from  which  connections  are 


made  to  the  rear  panel  of  the  high-voltage  power  supplies 
for  the  closed-loop  temperature  control.  In  this  appli¬ 
cation  the  power  supplies  work  simply  like  operational 
amplifiers,  in  which  0-10  V  signals  are  linearly  scaled 
into  0-500  V  outputs  (figure  6). 


3.  Data  acquisition  and  control 

Data  acquisition  and  control  is  accomplished  with  in¬ 
house-developed  software  written  using  Turbo  Pascal* 
v.S.0,  and  interfaced  to  the  commercial  packages  Labtech 
Notebook  (nb)  and  Labtech  Notebook  Real  Time  Access 
(rta).  Two  types  of  experiment  have  been  performed: 
thermal  expansion  measurements  and  creep.  For  the 
first  the  pyrometer  is  dedicated  to  one  unit  only,  whereas 
for  creep  experiments  the  pyrometer  is  shared  by  ail 
units.  Both  thermal  expansion  and  creep  experiments 
are  described  in  detail  below. 
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Figure  2.  Detailed  illustration  of  a  single-fibre  unit  showing  the  end-caps  for  electrical  contact  with  the  fibre  and 
the  displacement  and  load  assembly.  Not  drawn  to  scale. 


3.1.  Thermal  expansion  measurements 

Labtech  Notebook  is  an  integrated  software  package  for 
data  acquisition,  control,  monitoring  and  data  analysis, 
in  which  the  conditions  for  an  experimental  run  are 
saved  as  a  group  of  channels.  Eight  channels  are  required 
to  carry  out  thermal  expansion  measurements.  A  brief 
description  of  the  operations  performed  by  each  channel 
is  given  below  and  presented  schematically  in  figure  7. 

Channel  1  is  an  analogue  input  channel  sampling 
the  filtered  signal  from  the  lvdt.  The  signal  is  then 
echoed  into  channel  2  in  which  strains  are  calculated. 
The  calculation  includes  multiplication  by  the  cali¬ 
bration  factor  of  the  t.vdt  and  subtraction  of  an  offset 
value  obtained  at  the  start  of  the  experiment. 

For  the  pyrometer,  similar  operations  are  performed. 
After  passing  the  4-20  mA  signal  through  a  500  ft 


resistor  to  scale  it  into  2-10  V  voltages,  the  signal  is 
then  filtered  and  sampled  by  an  analogue  input  channel 
at  a  rate  of  3  Hz  considering  that  the  time  of  response 
of  the  pyrometer  is  only  300  ms.  Temperature  is  calcu¬ 
lated  by  using  two  channels  in  cascade,  in  which  the 
formula  given  below  is  evaluated: 

temperature  =  T,  +(T2- Tx)^~ — -.  (1) 

lo 

T,  and  T2  are  the  lower  and  upper  limits  of  the 
pyrometer’s  range  (700  and  2000  °C  respectively),  R  is 
the  resistor  installed  in  the  termination  panel  (500  ft) 
and  V  is  the  filtered  voltage  across  the  resistor. 

For  temperature  control,  a  closed-loop  pid  control 
algorithm  built  inside  nb  is  used,  in  which  the  0-10  V 
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Figure  3.  Cutaway  view  of  the  end-cap  and  fibre  upper 
end  fixture. 


Figure  4.  Illustration  of  the  four-layer  structure  of  Avco 
SCS-6  silicon  carbide  fibre  and  the  parallel  resistance 
model. 


Fiber 

is  glued  with  Fpoxv 


Figure  5.  Fibre  lower  end  fixture  showing  the  load 
platform  and  lvdt  core  mounting  arrangement  Total 
weight  of  the  assembly  is  10.2  g. 


output  sent  to  the  power  supply  is  estimated  from 

output  (t)  =  P  (error  (r))  +  /  J  error  (r')  dt' 

d  (error  (t)) 
dt 


(2) 


where  the  error  term  is  calculated  by  subtracting  the 
value  of  the  actual  temperature  from  the  desired  set 
point.  To  keep  a  record  of  the  time-temperature-power 
requirements  relation  during  the  test,  the  0-10  V  output 


Figure  $.  Operational  amplifier  representation  of  the 
programmable  power  supply  employed  for  resistive 
heating  of  the  fibre. 


to  the  power  supply  is  echoed  into  an  additional  channel. 
All  channels  operate  synchronized  with  channel  6  -  a 
time  channel  -  to  keep  track  of  the  history  of  the  test. 
Groups  of  data  containing  time,  strain,  temperature  and 
the  output  signal  to  the  power  supply  are  recorded  at 
a  prescribed  rate  into  a  data  file  for  post-test  analysis. 
rta  allows  the  stand-alone  application  operating  in 
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Figure  7.  Schematic  representation  of  the  data  acquisition  and  control  procedure  for  a  thermal  expansion  experiment. 


the  foreground  to  communicate  with  nb  in  the  back¬ 
ground,  in  a  way  similar  to  acquiring  data  from  a  DOS 
device,  to  access  real-time  data  being  acquired  simul¬ 
taneously  by  nb  and  buffered  in  ram.  Access  to  the 
control  channel  is  also  provided  through  rta  to  change 
any  of  the  pid  constants  and/or  the  set  point.  Figure  8 
shows  a  simple  thermal  history  of  a  thermal  expansion 
experiment. 

3.2.  Creep  experiments 

In  contrast  to  thermal  expansion  measurements,  creep 
experiments  require  a  more  elaborate  data  acquisition 
and  control  scheme  because  the  pyrometer  must  be 
shared  by  all  units.  To  simplify  the  presentation,  the 
operation  of  htftf  with  only  three  units  will  be 
addressed.  Figure  9  presents  a  brief  description  of  the 
operations  performed  by  each  channel  while  figure  10 
shows  a  flow  chart  describing  a  creep  experiment. 

nb  requires  24  channels  to  carry  out  a  simultaneous 
creep  experiment  with  three  units.  For  each  unit,  simi¬ 
larly  to  the  thermal  expansion  measurements,  two 
channels  -  synchronized  with  one  time  channel  -  are 
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Figure  S.  Example  thermal  history  for  a  thermal  expansion 
experiment  showing  the  linear  ramp  program  followed  by 
a  rapid  quench  in  2  s. 


dedicated  to  sampling  the  displacements  and  calculating 
the  strains,  and  pairs  of  time-strain  values  for  each  of  the 
units  are  recorded  into  different  files.  For  all  units,  the 
sampling  of  displacements  is  earned  out  on  continuous 
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Figure  9.  Schematic  representation  of  the  data  acquisition  and  control  procedure  for  three  simultaneous  creep  experiments. 


bases  at  rates  typically  between  3  and  7  Hz.  For  long- 
duration  tests,  strains  are  calculated  and  stored  at  much 
slower  rates  varying  from  0.1  to  0.001  Hz,  although 
whenever  mechanical  and/or  thermal  Ioading/unloading 
takes  place,  or  when  much  faster  changes  in  the  displace¬ 
ments  are  expected,  data  can  be  stored  at  faster  rates. 

In  addition  to  analogue  filtering  of  the  displace¬ 
ment  and  temperature  signals,  further  filtering  can  be 
accomplished  by  incorporating  an  additional  channel  in 
the  nb  set-up  to  perform  a  moving  average  of  the  input 
signals  at  a  rate  equal  to  the  sampling  rate. 

For  temperature  measurements  three  channels  in  suc¬ 
cession  are  needed;  one  for  data  acquisition  and  two  for 
temperature  calculations.  The  signal  from  the  channel 
containing  the  value  of  the  temperature  is  echoed  and 
synchronized  with  a  pid  control  channel  for  the  fibre  unit 
on  which  the  pyrometer  is  being  focused.  To  record  the 
temperature-power  requirement  history  for  each  unit,  the 
output  signal  to  the  power  supply  is  echoed  and  synchron¬ 
ized  with  the  temperature  measurements  and  with  a  time 
mark  duplicated  from  the  calculation  of  strains,  and  sent 
subsequently  into  a  second  data  file.  Abnormalities  in  the 


power  requirement  history  may  be  indicative  of  structural 
changes  or  surface  oxidation  as  reflected  in  the  fibre 
resistance.  Although  the  temperature  control  in  each  unit 
is  intermittently  switched  between  pno  and  open-loop,  the 
advantage  of  this  approach  resides  in  the  fact  that,  during 
post-test  data  analysis,  a  correlation  can  be  established 
between  temperature,  strain  and  output  signals  to  the 
poweT  supply  because  they  have  been  labelled  with  the 
same  time  signature. 

A  special  routine  was  developed  to  focus  precisely  the 
lens  assembly  of  the  pyrometer  at  the  centre  of  each  fibre. 
This  routine  consists  in  scanning  with  the  pyrometer 
across  the  fibre  in  discrete  steps  to  construct  a  function 
of  the  form  T(x\  where  T  is  the  temperature  at  the  x 
position  in  absolute  coordinates,  and  with  the  centre  of 
the  fibre  providing  the  largest  temperature  reading,  i.e. 
max  (T(x)).  At  the  end  of  the  scan,  the  lens  assembly  is 
positioned  at  x'  where  T(x')  —  max(T(x))  and  the  pid 
algorithm  for  temperature  control  begins  to  operate. 

Although  the  thermal  inertia  of  the  fibres  is  practically 
zero,  the  system  is  extremely  stable,  allowing  us  to  remove 
the  pyrometer  and  to  operate  the  power  supplies  in  open- 
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Figure  10.  Logical  flow  chart  for  the  simultaneous  acquisition  of  creep  data  and 
control  of  temperature  for  three  simultaneous  creep  experiments. 


loop  control  maintaining  a  constant  output  across  the 
fibre  for  long  periods  of  time  (e.g.  hours)  without  under¬ 
going  temperature  changes  larger  than  2  °C  at  1500  °C. 
Time  periods  ranging  from  1  to  25  min  have  been  used 
in  the  routine  controlling  the  position  of  the  pyrometer’s 
lens  assembly. 


4.  Operation 

The  results  presented  below  were  obtained  using  a  gauge 
length  of  37.5  cm.  This  value  was  chosen  to  optimize 
the  resolution  in  the  strain  calculations  and  also  to 


minimize  the  temperature  gradient  resulting  from  the 
convection  of  hot  rising  gases  inside  the  unit.  For  a 
volumetric  flow  of  5  cm3  s  ~ 1  the  maximum  temperature 
difference  between  the  hottest  and  coldest  points  was 
found  to  be  30  °C  at  1 500  °C.  Argon  99.99%  pure  was 
used  in  all  runs.  To  ensure  an  oxidation-free  environ¬ 
ment,  prior  to  entering  the  unit  the  gas  is  passed  through 
a  moisture/oxygen  getter  consisting  of  heated  titanium 
sponge  maintained  at  900  °C.  However,  despite  these 
precautions,  thin  layers  of  silica  start  to  appear  on 
the  fibre’s  surface  at  1500  °C.  Temperature  measure¬ 
ments  are  made  at  two  thirds  of  the  fibre’s  length  (25  cm 
from  the  oottom).  Although  the  tower  limit  of  the 
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pyrometer's  range  is  700  C,  temperature  readings  can 
only  be  registered  above  850  C  because  the  fibre  emiss- 
ivity  -  which  was  found  to  be  close  to  0.8  [23]  -  is  less 
than  0.99.  Although  calibration  of  the  pyrometer  is 
traceable  to  nist  standards,  we  have  found  that  a  good 
way  to  ensure  calibration  is  through  thermal  expansion 
measurements  in  the  temperature  range  of  interest. 

Strains  are  calculated  simply  as 


where  L0  is  the  gauge  length  and  given  as  the  distance 
between  the  mercury  electrodes.  The  system  offers  the 
capability  to  resolve  0.25  /im  in  the  displacements,  with 
the  resolution  being  limited  by  the  a/d  converter  and 
noise  levels.  Different  gauge  lengths  can  be  achieved  by 
changing  the  height  of  the  adjustable  columns  of  the 
frame,  but  with  the  37.5  cm  gauge  length  resolution  is 
translated  into  6.6  x  10  "5%  strain.  The  approach  used 
to  measure  displacements,  in  which  the  lvdt  core  is 
attached  to  the  bottom  of  the  fibre  is  limited  to  fibres 
with  large  cross  sections.  In  the  case  of  SCS-6  SiC  fibres 
with  a  142  ^im  diameter,  the  weight  of  the  attachment 
is  translated  into  a  stress  of  only  6  MPa,  which  for 
practical  purposes  is  negligible.  For  fibres  with  smaller 
cross  sections,  a  different  approach  should  be  adopted 
to  determine  axial  displacements. 

For  creep  experiments,  the  fibres  are  stressed  using 
lead  discs  of  different  weights  mounted  onto  the  weight 
platform  shown  in  figure  5.  For  SCS-6  SiC  fibres,  weights 
in  excess  of  1  kg  have  been  used  in  creep  experiments. 
Stresses  are  calculated  assuming  the  entire  cross  section 
of  the  fibres  carry  the  load. 

Figure  1 1  shows  thermal  expansion  measurements 
on  SCS-6  SiC  fibres  using  a  heating/cooling  rate  of 
15  °C  min  "1.  The  upper  part  of  the  curve  corresponds 
to  the  heating  part  of  the  cycle.  It  is  interesting  to  note 
the  anomalous  thermal  expansion  behaviour  of  these 
fibres  in  the  region  of  1375  DC.  Details  of  this  behaviour 
and  the  probable  responsible  mechanism  can  be  found 


Figure  11.  Typical  thermal  strain  versus  temperature 
result  for  an  Avco  SCS-6  fibre  subjected  to  a  linear  up  and 
down  ramp  of  temperature  versus  time.  The  graph  shows 
three  repeated  experiments  on  the  same  fibre. 


elsewhere  [24],  In  the  plot,  three  different  cycles  are 
presented  for  the  same  fibre,  showing  the  degree  of 
reproducibility  and  the  smooth  nature  of  the  measure¬ 
ments.  For  practical  purposes,  any  heating  and  or  cool¬ 
ing  rate  can  be  imposed  on  these  fibres.  Figure  8  shows 
a  simple  thermal  history  for  thermal  expansion  measure¬ 
ments  in  which  a  fast  quenching  of  almost  1450  C  in 
2  s  was  included.  Similarly,  because  of  the  negligible 
thermal  inertia  of  the  fibres,  temperatures  as  high  as 
1800 °C  have  been  reached  in  less  than  5  s  from  room 
temperature. 

Figure  12  shows  a  two  cycle  creep-creep  recovery 
experiment.  First  the  sample  was  taken  to  the  test 
temperature  (1200  =C)  and  held  there  for  1  h  to  achieve 
steady  state  conditions.  Then  the  fibre  was  mechanically 
loaded  with  500  MPa  and  allowed  to  creep  for  three 
hours.  At  the  end  of  this  period,  the  mechanical  load 
was  removed  while  the  temperature  was  increased  by 
100  °C  allowing  the  fibre  to  undergo  a  10  h  creep 
recovery,  at  the  end  of  which  the  temperature  was 
lowered  to  its  original  value  and  the  process  repeated. 

Creep-creep  recovery  experiments  were  devised  to 
quantify  the  thermally  activated  characteristics  of  the 
creep  recovery  process,  and  it  was  found  that  SCS-6  SiC 
fibres  exhibit  anelastic  creep  at  temperatures  up  to 
1 375  °C.  A  model  based  on  the  composite  structure  of 
the  fibres  has  been  developed  and  proposed  to  explain 
their  creep  behaviour.  Some  of  the  predictions  of  the 
model  are:  anelastic  creep,  the  existence  of  equilibrium 
creep  strains  and  monotonically  decreasing  creep  rates. 
Details  of  the  model  and  comparisons  with  experimental 
measurements  can  be  found  elsewhere  [25]. 

Creep  measurements  have  been  extended  for  spans 
of  time  in  excess  of  200  h.  Figure  13(a)  shows  a  long¬ 
term  creep  test  along  with  a  curve  predicted  by  the 
composite  model,  while  figure  13(h)  shows  the  thermal 
history  for  this  test.  It  is  worth  noticing  the  stability 
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Figure  12.  Typical  total  strain  versus  time  for  an  Avco 
SCS-6  fibre  subjected  to  the  following  treatment 
(1 )  temperature  was  ramped  to  1200  °C  and  held  for  one 
hour  at  no  load;  (2)  at  1200°C,  a  load  of  500  MPa  was 
applied  tor  3  h,  (3)  the  fibre  was  unloaded  and  allowed  to 
recover  for  10  h  at  1300  °C;  (4)  temperature  was  lowered  to 
1200  °C  and  the  creep  experiment  repeated;  (5)  recovery 
at  no  load  was  repeated  at  1300  C 
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Figure  13.  ( a )  Typical  creep  strain  (total  strain  minus 
thermal  and  immediate  elastic  strains)  versus  time 
behaviour  for  an  Avco  SCS-6  fibre  at  1200  ’C  and  400  MPa. 
(b)  Thermal  history  for  the  creep  curve  shown  in  (a). 


of  the  strain  and  temperature  measurements  over  long 
periods  of  time. 

For  most  of  the  tests  that  have  ended  with  fibre 
failure,  fracture  has  been  traced  to  the  hottest  point, 
located  approximately  less  than  10  mm  below  the 
mercury  electrode  in  the  upper  end-cap.  On  occasion, 
failure  has  been  accompanied  by  short-duration  arcing, 
evaporating  the  fracture  surfaces  of  the  fibre  and  sputter¬ 
ing  the  products  on  the  inside  walls  of  the  quartz  tube. 


5.  Summary  and  conclusions 

A  multiple-unit  fibre  tester  was  designed  and  built  to 
study  the  thermomechanical  behaviour  of  fibres  up  to 
2000  °C.  The  system  consists  of  six  independent  units  in 
which  data  acquisition  and  control  are  fully  com¬ 
puterized.  A  self-resistance  heating  technique,  limited  to 
electrically  conductive  fibres,  was  employed  to  achieve 
high  ttmperatures.  lvdts  were  used  in  the  determination 
of  axial  displacements  for  the  calculation  of  strains  by 
attaching  the  lower  end  of  the  fibre  to  the  core  of  the 
lvdt,  although  this  approach  is  limited  to  fibres  with 
large  cross  sections.  Resolution  in  the  determination  of 
displacements  is  0.2S  urn,  and  different  gauge  lengths 
can  be  obtained  with  the  adjustable  columns  of  the 


frame.  For  a  guage  length  of  37.5  cm.  resolution  is 
translated  into  6.6  x  10' 5%  strain.  Temperatures  are 
measured  using  a  two-colour  infrared  pyrometer  having 
a  response  time  of  300  ms  in  the  temperature  range  of 
700-2000  CC.  By  mounting  the  lens  assembly  of  the 
pyrometer  on  a  rotary  table,  the  pyrometer  can  be 
shared  by  all  six  units,  allowing  for  multiple  simultaneous 
creep  experiments.  Although  the  thermal  inertia  of  the 
fibres  is  very  small,  the  system  is  thermally  very  stable, 
and  temperature  can  be  controlled  to  within  I  C  at 
1 500  °C  for  very  long  periods  of  time.  Almost  isothermal 
hot  zones  have  been  achieved  with  differences  of  30  'C 
at  1 500  °C  between  the  hottest  and  coldest  points  along 
the  hot  zone. 

For  SCS-6  SiC  fibres,  testing  has  been  limited  to 
1 500  °C,  above  which,  regardless  of  the  installation  of  a 
heated  titanium  sponge  oxygen/moisture  getter,  evapor¬ 
ation  of  the  outside  coating  on  the  fibres  takes  place, 
reducing  their  diameter,  creating  regions  of  localized 
heating  (hot  spots)  and  forming  thin  layers  of  silica 
which,  because  they  have  a  much  lower  emissivity.  can 
create  problems  with  the  temperature-reading  process. 
On  occasion,  failure  has  been  accompanied  by  arcing, 
evaporating  the  fracture  surfaces  of  the  fibres. 
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Abstract 

A  thermoelastic  model  has  been  developed  for  the 
prediction  of  the  state  of  stress  of  composite  fibers  when 
subjected  to  thermomechanical  loads.  The  model  is 
based  on  a  system  of  four  infinitely  long  and  perfectly 
bonded  concentric  cylinders.  Predictions  are  presented 
for  composite  fibers  produced  by  chemical  vapor 
deposition  (CVD),  and  in  particular  for  the  SCS-6 
fiber,  for  which  it  is  found  that  neglecting  the  strains 
that  the  substrate  experiences  during  CVD  in  the 
calculations,  can  lead  to  severe  underestimates  of  the 
magnitude  of  the  predicted  residual  stresses.  Relation¬ 
ships  are  established  between  the  predicted  state  of 
stress  and  experimentally  observed  changes  of  strength 
with  temperature,  stress  thresholds  in  creep  and 
structural  defects  such  as  debonding  at  the  interfaces 
for  the  SCS-6  filter. 

Keywords:  fibers,  thermal  stresses,  thermoelastic 
analysis,  thermal  expansion,  silicon  carbide  fibers, 
composite  fibers 

1  INTRODUCTION 

Ceramic  materials  offer  some  outstanding  properties 
for  structural  applications  at  elevated  temperatures. 
For  example,  they  are  strong  and  stiff  having  at  the 
same  time  low  densities,  low  coefficients  of  thermal 
expansion  and  resistance  to  aggressive  environments. 
Despite  these  quabtites,  their  use  in  high-performance 
applications  has  been  limited  in  part  because  they  are 
inherently  brittle,  often  leading  to  catastrophic  failure. 

Of  the  limited  techniques  available  to  eliminate  or 
lessen  the  lack  of  toughness  of  ceramics,  the 
incorporation  of  reinforcing  continuous  fibers  provides 
the  best  alternative  for  using  ceramics  in  high- 
temperature  structural  applications.  Among  the 
filaments  commercially  available  today,  CVD  SiC 
fibers  have  produced  some  of  the  most  promising 
results  in  terms  of  mechanical,  thermal  and  environ- 

*To  whom  correspondence  should  be  addressed. 
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mental  performance.  Although  their  large  diameter 
and  large  stiffness  will  most  probably  limit  their  use  to 
applications  requiring  parts  with  simple  geometries, 
these  composite  fibers  provide  an  ideal  model  system 
worthy  of  study  to  set  guidelines  toward  the 
development  of  a  much  needed  new  generation  of 
fibers  capable  of  retaining  superior  mechanical, 
thermal  and  environmental  stability  at  higher  and 
higher  temperatures. 

One  of  the  characteristics  of  fibers  produced  by 
chemical  vapor  deposition  (CVD)  is  the  existence  of  a 
complicated  state  of  stress  created  in  part  by  the 
thermal  expansion  mismatch  of  the  substrate  and  the 
deposit  and  the  high  temperatures  required  for  their 
production.  The  objective  of  this  paper  is  to  provide 
expressions  for  the  estimation  of  such  state  of  stress 
when  these  CVD  composite  fibers  are  subjected  to 
tensile  and  thermal  loads.  Although  the  analysis 
developed  in  this  paper  is  material  and  scale 
insensitive,  the  predictions  to  be  presented  address 
the  case  of  the  SCS-6  fiber  (Textron  Specialty 
Materials.  Lowell,  MA  01851).  Estimates  of  the 
magnitude  and  nature  of  the  residual  stresses  are  also 
presented,  because  they  are  important  in  the 
understanding  of  subjects  such  as  failure  modes,  crack 
propagation,  high  temperature  hardening,  stress 
thresholds  for  creep,  etc.  Some  of  these  subjects  have 
been  extensively  addressed  for  CVD  Boron  Fibers,1'10 
and  identified  as  important  in  CVD  SiC  fibers." 

2  THE  SYSTEM 

The  SCS-6  fiber  is  manufactured  by  chemical  vapor 
deposition  in  a  two-step  process  with  a  37  pm 
diameter  glassy  carbon  monofilament  as  substrate  1:14 
This  carbon  filament,  originally  developed  at  the 
Great  Lakes  Carbon  Corporation,15"17  is  produced  at 
1100°C  by  the  spinning,  oxidation  and  carbonization 
of  a  sulfur-doped  carbonaceous  pitch  from  petroleum 
or  coal  tar  origin.  The  final  product  has  a  very  smooth 
surface  with  occasional  anomalies  which  can  result  in 
areas  of  irregular  deposition,  creating  stress  rising 
regions  limiting  the  strength  of  the  fiber. 

The  high  temperatures  required  for  deposition  are 
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achieved  with  resistance  heating  techniques  by  passing 
an  electric  current  through  the  substrate.  The  first  step 
in  the  manufacture  of  these  fibers  consists  of 
depositing  a  1-5  pm  thick  layer  of  highly  oriented 
pyrolytic  graphite  while  the  substrate  is  being 
stretched  to  ensure  uniform  deposition.  This  thin 
graphitic  layer  enhances  the  electrical  conductivity 
and  smooths  the  surface  of  the  substrate,  working  at 
the  same  time  as  a  buffer  coating  having  a  wave 
propagation  velocity  less  than  that  of  carbon  and  the 
deposit,  effectively  isolating  the  sheath  from  shocks 
originating  in  the  carbon  core.  This  was  the  solution 
to  prevent  the  so  called  ‘string  of  lights’  effect, 
observed  during  the  initial  attempts  to  manufacture 
boron  fibers  and  associated  with  a  series  of  breaks  in 
the  substrate  whenever  it  was  unable  to  accommodate 
itself  to  the  dimensional  and  structural  changes  that 
amorphous  boron  undergoes  during  chemical  vapor 
deposition.1819 

When  depositing  the  pyrolytic  graphite  coating  on 
the  carbon  filament,  the  reactor  is  maintained  at 
temperatures  in  excess  of  1800°C.  At  lower  tempera¬ 
tures  pyrolytic  graphite  can  not  be  formed,  while  at 
higher  temperatures  the  carbon  substrate  begins  to 
evaporate  producing  a  net  loss  of  material.19 

In  the  second  step  of  the  deposition  process,  the 
pyrolytic  graphite  coated  substrate  is  exposed  to  a 
mixture  of  polycarbosilane  and  hydrogen  gases.  The 
former  decompose  to  form  heavily  faulted  radially- 
aligned  columnar  grains  of  mostly  /5-SiC  with  the 
octahedral  planes  preferentially  aligned  parallel  to  the 
deposition  surface.20,21  Although  the  polycarbosilane 
gases  used  have  a  1 : 1  carbon  to  silicon  ratio,  e.g. 
methyltrichlorosilane,  there  is  a  tendency  for  the 
deposition  of  carbon.  It  was  found  that  hydrogen 
additions  act  as  a  catalyst  for  the  deposition  of  SiC, 
although  at  1300°C  it  can  cause  deposition  of  excess 
silicon20  with  a  final  product  which  is  not  100% 
stoichiometric.  Temperature  control  during  deposition 
is  critical,  and  the  process  calls  for  a  peak  deposition 
temperature  of  about  1300°C.  Higher  temperatures 
promote  grain  coarsening  and  a  reduction  of  excess 
silicon  which  results  in  a  decrease  in  the  strength  of 
the  fibers.  It  has  been  suggested22'24  that  melting  of 
this  excess  silicon  is  responsible  for  the  anomalous 
thermal  expansion  behavior  of  these  fibers  in  the 
neighborhood  of  1375°C  (as  discussed  in  relation  to 
Fig.  17,  below).  Although  this  argument  is  not 
conclusive,  this  anomalous  behavior  has  a  tremendous 
impact  on  the  state  of  stress  of  the  fiber  with  the 
creation  of  additional  internal  stresses,  and  increases 
in  .he  creep  resistance  of  these  fiberi  have  been 
observed  after  heat  treatments  beyond  this 
temperature.25 

If  the  fiber  were  to  be  removed  from  the  reactor  at 
this  point  and  tested,  its  ultimate  tensile  strength 
would  be  approximately  1-SGPa.  By  adding  a  rich 


amorphous  carbon  coating  of  approximately  3  pm  in 
thickness,  the  exposed  grain  boundaries  of  the  SiC 
sheath  are  sealed,  nearly  doubling  the  fiber 
strength.26"28  This  additional  coating  has  also  been 
found  to  be  ideal  for  tailoring  matrix/fiber  interfaces 
in  metal  matrix  composites. 


3  STRESS  ANALYSIS 

The  system  of  interest  is  presented  in  Fig.  1  and 
consists  of  an  infinitely  long  assembly  of  four  perfectly 
bonded  concentric  cylinders  with  diameters  2r,,  2r:, 
2/j  and  2 r4,  where  r,  <  r2  <  ry  <  r4.  A  plane  strain 
model  is  presented,  which  implies  that  plane 
cross-sections  will  remain  plane  after  deformation.  All 
components  are  assumed  isotropic  except  for  the 
pyrolytic  graphite  layer. 

Because  the  problem  is  axisymmetric,  the  circum¬ 
ferential  component  of  displacement  in  each  layer  is 
zero.  The  compatibility  and  equilibrium  equations  for 
a  cylindrical  differential  element,  require  that: 


de«  d 

£r  =  ee  +  r—  =  —  (re„) 

dr  dr 

,  dae  d 
o,-o.  +  r  — 


and 


L  do,  d 

Combination  of  eqns  (2)  and  (3)  gives 
d  /Id 


(1) 

(2) 

(3) 

(4) 


Carbon  Core  (37  microns  diameter) 


Pyrolytic  Graphite  Layer 
1  5  microns  thickness) 


Silicon  Carbide  Sheath 
(48  microns  thickness) 


.Carbon-rich  SiC  Coating 
(3  microns  thickness) 


FI*.  1.  Cross-sectional  representation  of  the  SCS-6  silicon 
carbide  fiber. 
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which  after  integration,  yields  solutions  of  the  form: 

B 


Or  =  A  ~  - 
r 

(5) 

B 

o„  =  A  +  - 
r 

(6) 

where  A  and  B  are  integration  constants  which  have 
different  values  for  each  of  the  four  pha: 
boundary  conditions  to  be  applied  to  the  seco 
and  fourth  phases  are: 

o?{r  =  rx)  =  -P,  o?(r  =  r2)  =  -  P2 
<fi(r  =  r2)  =  -  P2  cfr(r  =  r3)  =  -  P3 
o?(r  =  r3)=~  P3  o?(r  =  r4)  =  0 

where  Py,  P2  and  P3  are  the  interface  normal  stresses 
and  the  superscripts  G,  S  and  M  refer  to  the  pyrolytic 
graphite  layer,  the  SiC  sheath  and  the  outer  carbon 
rich  coating,  respectively.  With  reference  to  eqns  (5) 
and  (6),  the  value  of  the  constant  B  for  the  carbon 
core  (phase  1)  is  zero,  and  this  phase  is  subjected  to 
uniform  radial  and  tangential  stresses  given  by: 

°f(r)  —  —Pi  0  <r<r,  (7) 

o%(r)=-Pi  Osr<f|  (8) 

The  constants  A  and  B  can  be  eliminated  from  eqns 
(5)  and  (6),  as  applied  to  each  phase,  in  favor  of  the 
unknown  interface  normal  stresses  and  result  in  the 
following  equations  for  the  radial  and  tangential 

stresses: 


o?(r)  = 


°e(r)  =  2  2 

r2-  r, 


PA -PA  r\r\{P2-Px) 
r\~r\  r2(r22-r2) 

PA  ~  PA  r]r\{P2  -  Px) 


r2A~r\) 


_s,  ,  P zr2  ~  PA  ,  r2r\(Ps  —  Pi) 


r2  -  r 2 

r3  r2 


r.sr<r2  (9) 
r,  <r2  (10) 
r2£r<r3  (11) 


S(  ,  p2r2~  PA  rA(Pl  ~  Pi)  _  „ 

<w)  =  —  _2 - ^73 — IK-  r2  s  r  <  r3  (12) 


rf-rf 

pA 


r2A-r2) 

r2\ 


A1(r)  =  -J^-i+(l-~\  r3sr<r<  (13) 

'  4  ~  '  3  '  r/ 

<*»(r)  =  -P~ri  +  ( 1  +  3)  r3^r<u  (14) 

Deformation  compatibility  requires  that  the  radial 
displacements  at  the  interfaces  (or  the  tangential 
strains)  be  the  same  for  the  phases  meeting  there.  The 
requirements  of  uniform  axial  strain  and  deformation 
compatibility  are  written  mathematically  as: 


and 


£eo=  at  r  =  r, 


(15) 


(16) 


£»  =  e|  at  r  =  r2  (17) 

e%=  Eg  at  r  =  r3  (18) 

The  terms  with  subscript  'o’  in  eqns  (15)  and  (16) 
represent  the  elastic  strains  introduced  in  the  substrate 
during  the  fabrication  process.  This  occurs  when  the 
substrate  is  stretched  in  order  to  keep  it  straight 
during  deposition.  These  terms  are  given  by: 


third 

=  +  j\c(T)dT 

(19) 

F  r7"2 

A°cEc  +  l  °c(T)dT 

(20) 

where  we  have  designated  7j  as  the  reference 
temperature  for  the  carbon  core,  T2  as  the 
temperature  for  the  deposition  of  the  pyrolytic 
graphite  layer  and  Fa  as  the  axial  load  applied  to  the 
substrate  to  keep  it  straight  during  deposition. 

Assuming  that  the  carbon  core,  the  SiC  layer  and 
the  carbon  outer  layer  are  isotropic,  and  that  the 
graphite  layer  has  a  turbostratic  structure,  the  elastic 
constitutive  equations  for  the  four  phases  at  a 
temperature  T'  are  given  as  follows: 
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where  the  indices  indicate:  C,  carbon  core,  r,  6  and  z 
are  the  cylindrical  polar  coordinates.  T,  is  the 


268 


Edgar  Lara-Curzio,  S.  S.  Sternstein 


temperature  for  the  deposition  of  SiC  and  the  outer 
carbon  coating  and  T'  is  the  temperature  of  interest. 
Also,  because  of  the  uniform  axial  strain  condition 
imposed  in  eqn  (15).  the  principal  stresses  are  the  only 
non-vanishing  stresses.  For  the  pyrolytic  graphite 
layer,  v*,  =  vr.,  E.  =  £„,  and 


Substituting  eqns  (2l)-(24)  into  the  six  equations 
( 15)— ( 18)  we  obtain: 


+  +  f ?  +  J  aC(T)  dT  ~  £oz 

=  -%  °°  ~  if °r*  +  h  +  fr  a?iT)  dT 

(25) 

(af  +  a»)  + +  J"  <*C(T)  dT  -  ecoz 

=  -Js  +  <*5>  +  p  of  +  £  dT  (26) 

-^s(<7f +  o£)  +  pof  +  a-s(T)dT 

=  (*?  +  ^  +  £  «"(T)  dT  (27) 

-^«f+4^-^®?+r«y(T>dT 

£*6  be  J7% 

=  -|!  of  +  p  p  of  +  |^  a5(T)  dT  (28) 

v5  i  v'^  r  ^ 

-pof  +  p<^-pof  +  J^  as(T)dT 

«  0^  +  pg  OS'  -  -p  of  +  f  <*M(T)  dT  (29) 


The  enforcement  of  the  uniform  axial  strain 
condition  on  the  anisotropic  graphite  layer  produces 
an  expression  for  the  radial  position-dependent  axial 
stress  given  by: 


o-£(T)  dT 


Axial  equilibrium  is  established  with  the  expression 
given  below  when  an  axial  load  of  magnitude  F  is 
imposed  on  the  fiber: 

Axof  +  2nl  r<7?(r)  dr  +  A  ,of  +  A4of  =  T  (31) 

A,  being  the  appropriate  cross-sectional  areas. 
Arranging  eqns  (25)-(29)  and  (31)  we  obtain  a  6x6 
linear  system  of  equations  (eqn  (32))  with  the 
interfacial  normal  stresses  and  the  axial  stresses  as 
unknowns,  and  with  matrix  Q[6  x  6]  and  vector 
*P[6  x  1]  containing  the  physical  properties  of  the 
system  as  well  as  the  applied  conditions  for 
temperature  and  mechanical  load.  The  elements  of 
both  the  matrix  Q  and  the  vector  'F  are  given  in 
Appendix  A.  The  advantage  of  solving  the  problem 
this  way  is  that  the  expressions  for  the  interface 
normal  stresses,  which  are  extremely  useful  in  a 
number  of  micromechanical  analyses  for  composite 
structures,  become  available  immediately.  The  solu¬ 
tion  for  the  system  is  straightforward  and  predictions 
for  the  state  of  stress  in  the  fiber  for  different 
temperatures  and  stress  levels  are  presented  in 
Section  V. 

Pz 

(32) 

of 

UrJ 

4  MATERIAL  PROPERTIES 

The  validity  of  the  predictions  will  depend  strongly  on 
the  assumptions  and  values  of  the  properties  used  in 
the  calculations.  Because  of  the  proprietary  nature  of 
the  fabrication  process  for  this  fiber  we  were  unable  to 
obtain  information  on  the  thermomechanical  pro¬ 
perties  of  the  pyrolytic  graphite  layer  and  the  outer 
carbon-rich  coating,  and  certain  assumptions  on  their 
properties  have  been  made.  Attempts  to  isolate  a 
single  carbon  core  with  its  pyrolytic  graphite  layer 
from  the  fiber  for  mechanical  testing  were  not 
successful.  The  values  for  Young's  moduli,  Poisson’s 
ratios  and  coefficients  of  thermal  expansion  presented 
in  Table  1  have  been  reported  for  the  carbon  core. 


Table  1.  Material  properties 


Material 

E(GPa) 

V 

orflO'VC) 

Ref.  temp. 

Carbon 

core 

41-37'* 

34-4817 

0-244 

100" 

1 3 -0(800-1 200)  “ 
35■0(1200-1500),', 

noo-c"’ 

SiC 

413-750 

01 7* 

50" 

3  2(20°C)m 
S-IOGOO'C)" 

1300°C" 

Pyrocarbon 

800^ 

0-3M 

8-8” 

1300°CI* 
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Table  2.  Material  properties  for  pyrolytic  graphite 


E , 

E n 

E. 

v„ 

V 

ar 

aH 

<*- 

7  GPa 

175  GPa 

175  GPa 

0-075 

0-036 

28  x  10  "TC 

1-8  x  10'TC 

1-8  x  10  “*70C 

fi-SiC  and  amorphous  pyrocarbon.  As  described  in 
Section  II,  the  deposition  of  the  pyrolytic  graphite 
layer  is  at  temperatures  in  excess  of  1800°C,  with  the 
final  product  having  a  highly  oriented  structure  in 
which  the  basal  planes  are  aligned  parallel  to  the 
deposition  surface  (‘onion  skin’).  It  is  only  in  pyrolytic 
graphite  with  this  extreme  preferred  orientation  where 
we  can  find  anisotropic  properties  comparable  with 
those  of  single  crystals.29  In  this  respect,  we  should 
expect  a  very  stiff  structure  with  a  small  CTE  on  the 
basal  planes  but  very  compliant  and  with  a  large  CTE 
perpendicular  to  them. 

For  perfect  single  crystals  of  graphite  the  entire 
compliance  matrix  in  cylindrical  coordinates  is  given 
below:33 


("33-2  x  10“' 2 


-2-5  x  10“' 2 
1-llx  10“12 


-2-5  x  10“' 2 
-0  04  x  10“ 12 
Ml  x  10“12. 


[Pal- 


The  values  for  the  Young’s  moduli  and  Poisson’s 
ratios  contained  in  this  matrix  are:  £,  =  30-1  GPa, 
£„  =  Ez  =  900  GPa,  v,z  =  0  075,  vSz  =  0-036,  but  more 
realistic  values  for  the  polycrystalline  PG  layer  in 
these  fibers  are  presented  in  Table  232  with  a  reference 
temperature  of  1800°C. 19  The  elastic  properties  of  the 
external  carbon-rich  coating  were  obtained  using  the 
rule  of  mixtures  by  averaging  the  properties  of  SiC 
and  those  of  amorphous  pyrocarbon.  The  thermal 
expansion  coefficient  for  this  coating  was  approxi¬ 
mated  by:34 

M  £s,carSlV'c  +  Ecac<pc 

+  <33> 

where  4>s,c  and  <pc  are  the  volume  fractions  of  SiC 

and  pyrocarbon,  40  and  60%  respectively. 

In  the  calculations,  the  temperature  dependence  of 
the  elastic  properties  has  been  considered  as  follows:35 

£(T)  =  £e(l-(^)3)  (34) 

where  Ea  is  the  Young’s  modulus  at  room 

temperature  and  Tm  the  melting  point.  In  the  case  of 
cartxm  and  SiC,  Tm  is  the  sublimation  temperature  at 
ambient  pressure.  Values  for  the  axial  Young’s 
modulus  of  the  fiber  predicted  by  this  composite 
model  are  in  excellent  agreement  with  experimental 
measurements  of  the  modulus  up  to  lfiOfTC.25  3* 
Figure  2  shows  the  temperature  dependence  of  the 
moduli  for  the  different  phases  which  are  the  values 
used  in  the  calculations. 


Fig.  2.  Temperature  dependence  of  the  Young’s  modulus 
for  the  different  phases  in  the  fiber.  These  values  were  used 
in  the  calculations. 


The  recommended  operating  tension  for  the  carbon 
monofilament  when  wound  from  the  original  shipping 
packages  is  16  g16  and  this  value  was  used  to  calculate 
Fa  for  the  evaluation  of  eqns  (19)  and  (20). 

5  RESULTS  AND  DISCUSSION 

The  first  step  was  an  evaluation  of  the  importance  of 
the  straining  of  the  carbon  substrate  during  fabrica¬ 
tion.  Figure  3  shows  the  predicted  interface  normal 
stresses  as  a  function  of  temperature  when  the 
stretching  of  the  carbon  substrate  has  been  taken  into 
account  in  the  calculations.  In  this  case  both  normal 
interface  stresses  around  the  PG  layer  are  positive  and 
decrease  in  magnitude  with  temperature,  whereas  the 
normal  interface  stress  between  the  SiC  sheath  and 
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Fig.  3.  Temperature  dependence  of  the  predicted  interface 
normal  stresses.  The  stretching  of  the  carbon  substrate 
during  fabrication  has  been  taken  into  account  in  the 
calculations. 
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Fig.  4.  Temperature  dependence  of  the  predicted  interface 
normal  stresses  when  stretching  of  the  carbon  substrate 
during  fabrication  has  been  neglected. 

the  outside  coating  is  compressive,  very  small  in 
magnitude  and  changes  very  little  with  temperature. 
Clearly,  the  radial  interface  stresses  at  both  sides  of 
the  PG  layer  are  quite  high  (Fig.  3),  and  it  is  unlikely 
that  such  stress  levels  can  be  achieved  or  sustained 
without  debonding  occurring  at  either  the  carbon 
substrate/PG  layer  interface,  or  the  PG  layer/SiC 
interface,  or  both.  As  shown  later  (Figs  12(a)  and 
12(b)),  this  conclusion  is  consistent  with  the 
observation  of  interfacial  debonding  in  this  fiber 
system.  Additional  evidence  of  debonding  has  been 
presented  elsewhere.37  Figure  4  shows  that  neglecting 
the  straining  of  the  carbon  substrate  in  the 
calculations  produces  large  underestimates  in  the 
predicted  normal  interface  stresses  at  both  boundaries 
of  the  PG  layer.  For  this  case  both  normal  interface 
stresses  around  the  PG  layer  are  positive  at  room 
temperature  and  decrease  continuously  with  tempera¬ 
ture  becoming  compressive  above  1000°C.  As 
expected,  there  is  little  effect  of  considering  the 
straining  of  the  carbon  substrate  in  the  prediction  of 
the  normal  interface  stress  between  the  SiC  sheath 
and  the  outside  coating. 


Fig.  5.  Temperature  dependence  of  the  axial  residual  stress 
in  the  carbon  substrate.  Open  symbols  show  the  predictions 
when  the  stretching  of  the  carbon  core  has  been  taken  into 
account  in  the  calculations. 


The  influence  of  straining  the  carbon  substrate 
during  deposition  is  most  critical  in  the  prediction  of 
the  axial  stresses.  In  Fig.  5,  the  temperature 
dependence  of  the  predicted  axial  residual  stress  in 
the  carbon  substrate  is  presented,  and  shows  that  this 
stress  is  severely  underestimated  when  the  straining  of 
the  substrate  during  fabrication  has  been  ignored.  The 
predicted  decrease  with  temperature  of  the  axial 
residual  stress  in  the  substrate  can  be  related  to 
experimental  observations  of  increase  of  strength  with 
temperature  at  1000°C,11  taking  into  account  that 
fracture  usually  originates  at  the  carbon  core  (Fig.  6). 

Of  the  elastic  properties  used  in  the  calculations, 
the  values  of  the  two  independent  Poisson's  ratios 
needed  to  model  the  PG  layer  are  the  least  known 
quantities.  A  parametric  analysis  for  Poisson’s  ratios 
different  from  those  presented  in  Table  2,  revealed 
that  both  the  axial  and  tangential  stress  distributions 
across  the  PG  layer  are  extremely  sensitive  to  the 
choice  of  values,  as  observed  in  Fig.  7  for  the  average 
axial  residual  stress.  However,  the  influence  of  the 
value  of  the  PG  Poisson’s  ratios  on  the  predicted 
radial  stress  distribution  across  the  PG  layer  and  the 
overall  stress  distribution  in  the  rest  of  the  fiber  is 
nominal  except  when  both  and  become  larger 
than  0-05  and  01  respectively.  This  is  illustrated  for 
example  in  Figs  8  and  9  for  the  normal  interface  stress 


Fig.  6.  Scanning  electron  micrograph  of  the  composite 
SCS-6  silicon  carbide  fiber  showing  the  brittle  nature  of  the 
fracture  surface.  Fiber  diameter  is  142  jim. 
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Rg.  7.  Effect  of  the  two  independent  Poisson's  ratio  values 
for  turbostratic  PG  on  the  predicted  average  axial  residual 
stress  in  the  PG  layer,  where  the  average  is  defined  as 
i(o?(rt)  +  o?(r2)). 
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Rg.8.  Effect  of  the  two  independent  PG  Poisson’s  ratios  on 
the  normal  interface  residual  stress  at  the  carbon- 
substrate/PG  layer  interface.  This  stress  is  almost  insensitive 
for  v,„  and  v*,  smaller  than  0-05  and  0-1  respectively. 


Rg-9.  Effect  of  the  two  independent  PG  Poisson’s  ratios  on 
the  axial  residual  stress  in  the  SiC  sheath.  This  stress  is 
almost  insensitive  for  v,„  and  v*  smaller  than  0  05  and  01 
respectively. 


Fig.  10.  Predicted  temperature  dependence  of  the  axial 
residual  stress  in  the  SiC  sheath.  Open  symbols  show  the 
predictions  when  stretching  of  the  carbon  core  has  been 
taken  into  account  in  the  calculations. 

at  the  substrate-PG  layer  interface  and  the  axial 
residual  stress  in  the  SiC  sheath  respectively. 

In  Figs  10  and  11  the  temperature  dependence  of 
the  residual  axial  and  hydrostatic  stresses  in  the  SiC 
sheath  are  compared  with  predictions  made  when 
straining  of  the  substrate  has  been  neglected.  As  in 
the  case  for  the  carbon  substrate,  neglecting  the 
straining  of  the  carbon  substrate  during  fabrication 
produces  large  underestimates  in  the  prediction  of 
these  stresses.  Because  they  are  compressive  up  to 
1500°C,  the  predicted  axial  and  hydrostatic  residual 
stresses  can  be  associated  to  experimentally  observed 
thresholds  of  200  MPa  for  creep  deformation  at 
1100°C.25  At  this  moment,  further  time-dependent 
deformation  studies  are  under  way  to  extend  the 
understanding  of  the  deformation  mechanisms  in 
these  fibers  and  their  relation  to  residual  stresses. 

An  indication  of  the  influence  of  residual  stresses  on 
the  integrity  of  the  fiber  is  evident  in  Figs  12(a) 
and  12(b),  where  debonding  at  the  carbon- 
substrate/pyrolytic-graphite  interface  is  shown  for  an 


Fig.  11.  Temperature  dependence  of  the  predicted  hydro¬ 
static  residual  stress  in  the  SiC  sheath.  Open  symbols 
represent  predictions  when  stretching  of  the  carbon  core  has 
been  taken  into  account  in  the  calculations. 
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Fig.  12.(a)  Scanning  electron  micrograph  of  a  typical 
fracture  surface  of  an  as-received  SCS-6  SiC.  (b) 
Magnification  of  the  carbon-substrate/pyrolytic-graphite 
layer  interface  from  Fig.  12(a).  Evidence  of  debonding  is 
visible  at  this  interface  as  a  result  of  the  large  tensile  normal 
interface  stress. 

as-received  fiber.  This  phenomenon  can  be  under¬ 
stood  from  the  nature  of  the  state  of  stress  at  this 
interface  at  room  temperature,  where  there  exists  a 
tensile  interface  stress  of  almost  2-5  GPa  (Fig.  13). 
The  severity  of  this  state  of  stress  is  a  direct 
consequence  of  first,  the  large  degree  of  anisotropy  in 


Fig.  13.  Radial  distribution  of  the  predicted  radial  residual 
stress  across  the  fiber  for  different  temperatures. 


Fig.  14.  Radial  distribution  of  the  predicted  tangential 
residual  stress  across  the  fiber  for  different  temperatures. 

the  pyrolytic  graphite  layer  and  second  of  the  high 
temperatures  required  to  deposit  this  layer.  Similar 
results  have  been  observed  in  highly  anisotropic  CVD 
graphite  coatings.29 

Another  interesting  observation  is  the  nature  of  the 
tangential  stresses  across  the  SiC  sheath  (Fig.  14).  For 
all  the  temperatures  studied  in  this  report  the 
tangential  stresses  in  the  SiC  sheath  are  always 
compressive,  which  in  turn  could  explain  why  radial 
cracks  are  almost  never  observed  in  these  fibers. 
Evidence  of  radial  cracks  in  these  fibers  has  been 
reported23  only  when  the  fibers  have  been  incorpor¬ 
ated  into  a  composite  and  subjected  to  a  high 
temperature  fabrication  schedule,  changing  in  turn  the 
internal  stress  distribution  of  the  fiber. 

Figure  15  presents  the  axial  residual  stress  across 
the  fiber  while  Fig.  16  shows  the  axial  stress 
distribution  when  a  load  of  ION,  equivalent  to 
631  MPa  is  applied  to  the  fiber.  It  is  important  to 
notice  the  large  stresses  carried  by  both  the  PG  layer 
and  carbon  substrate,  although  most  of  the  load  is 
supported  by  the  SiC  sheath.  Also,  the  axial  stress  in 
both  the  carbon  core  and  the  outside  coating  decrease 
in  magnitude  with  temperature  in  contrast  to  the 


Fig.  15.  Radial  distribution  of  the  predicted  axial  residual 
stress  across  the  fiber  for  different  temperatures. 
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Relative  Position 

Fig.  16.  Radial  distribution  of  the  predicted  axial  stress 
across  the  fiber  for  different  temperatures  when  a  uniform 
stress  of  631  MPa  has  been  applied  to  the  fiber. 

behavior  observed  in  the  SiC  sheath.  In  regard  to  the 
outside  coating,  the  model  predicts  tensile  tangential 
and  axial  stresses  at  room  temperature,  which 
decrease  in  magnitude  with  temperature  and  that 
become  compressive  above  1000°C.  The  presence  of 
this  coating  producing  a  compressive  axial  stress  in  the 
SiC  sheath  is  in  good  part  responsible  for  the  large 
tensile  strengths  observed  in  these  fibers. 

The  comparison  between  measured  values  of 
thermal  expansion  and  those  predicted  by  the  model  is 
extremely  good  up  to  the  critical  point  when  the  fiber 
shrinks  on  heating  (Fig.  17).  In  this  figure  the 
continuous  curves  are  experimental  measurements 
obtained  using  Rensselaer’s  high  temperature  fiber 
testing  facility38  at  a  heating/cooling  rate  of  15°C/min, 
while  the  data  points  correspond  to  the  predictions  by 
the  residual  stress  model.  The  agreement  up  to  1350°C 
should  not  be  surprising  because  the  overall  thermal 
expansion  behavior  will  be  dominated  by  the  behavior 
of  the  SiC  sheath. 


It  has  been  suggested  that  the  anomalous  thermal 
behavior  of  these  fibers  in  the  neighborhood  of  1375°C 
could  be  understood  in  terms  of  melting  of  the  free 
silicon  and  its  increase  in  density  upon  melting  at 
1415°C.22  23  One  of  the  arguments  that  has  been  used 
to  explain  the  depression  of  40°C  in  the  melting  point 
is  based  on  the  theory  of  first-order  phase  transitions. 
For  silicon,  its  melting  temperature  can  be  lowered  by 
applying  a  compressive  hydrostatic  stress.  The 
magnitude  of  the  depression  can  be  found  using 
Clapeyron’s  equation: 


Tm  AuAP 

A //fusion 


(35) 


For  the  9%  volume  change  that  silicon  exhibits 
upon  melting39  and  a  heat  of  fusion  of  1-41  x 
106J/kg40  the  required  hydrostatic  stress  to  depress 
the  melting  point  of  silicon  by  40°C  is  of  the  order  of 
1-llGPa. 

Although  the  magnitude  of  the  hydrostatic  stress  in 
the  SiC  sheath  that  the  present  thermoelastic  analysis 
predicts  is  approximately  one  tenth  of  this  value  at 
1375°C  (Figs  11),  one  effect  that  this  model  doesn't 
consider  is  the  possible  presence  of  excess  silicon 
forming  very  small  clusters  where  surface  tension 
effects  become  important  and  where  large  stresses  are 
not  uncommon.  Recent  experiments37  have  dem¬ 
onstrated  the  kinetic  nature  of  this  anomalous 
behavior  when  shifts  of  almost  20°C  toward  lower 
temperatures  were  observed  in  the  critical  points  of 
the  thermal  expansion  curve  when  slower  heating  and 
cooling  were  used.  A  thermodynamic-mechanical 
model,  which  incorporates  the  results  from  this 
residual  stress  analysis,  has  been  proposed  to  predict 
both  quantitatively  and  qualitatively  the  anomalous 
thermal  expansion  behavior  of  this  fiber  including  its 
kinetic  nature.37 
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F*  17.  Overall  thermal  expansion  behavior  of  the  SCS-6 
SiC  fiber  as  a  function  of  temperature  both  on  heating  and 
cooling.  The  continuous  curve  represents  continuous 
measurements  made  at  a  rate  of  15°C/min  using 
Rensselaer’s  High  Temperature  Fiber  Testing  Facility,11  “ 
whereas  the  data  points  represent  the  model  predictions. 


6  CONCLUSIONS 

A  thermoelastic  analysis  has  been  developed  to 
estimate  the  state  of  stress  of  a  composite  fiber  when 
subjected  to  thermomechanical  loads.  The  structure  is 
modeled  as  an  infinitely  long  assembly  of  four 
perfectly  bonded  concentric  cylinders,  and  although 
the  model  is  insensitive  to  scale  and/or  material 
properties,  the  case  of  composite  fibers  produced  by 
CVD  was  addressed  and  in  particular  the  case  of  the 
SCS-6  fiber.  Because  of  the  proprietary  nature  of  the 
manufacturing  process  for  this  fiber,  assumptions  were 
made  in  regard  to  the  reference  fabrication  tempera¬ 
tures  and  the  value  of  the  mechanical  properties  for 
the  different  constituents  in  the  fiber. 

It  was  found  that  large  differences  in  the  prediction 
of  the  axial  residual  stresses  and  normal  interface 
stresses  result  when  the  straining  of  the  substrate 
during  CVD  fabrication  is  neglected  in  the  calcula- 
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tions.  This  omission  always  leads  to  underestimates  of 
the  residual  stresses.  Values  for  the  predictions  of  the 
normal  interface  stress  at  the  SiC-carbon  rich  coating 
are  almost  insensitive  to  this  consideration. 

The  fact  that  the  predicted  axial  residual  stress  in 
the  carbon  substrate  is  tensile  and  decreases  with 
temperture.  can  be  associated  with  experimentally 
observed  increases  in  strength  up  to  1000°C,  taking 
into  account  that  most  failures  originate  at  the  carbon 
substrate. 

It  was  found  that  the  stress  distribution  in  the 
pyrolytic  graphite  layer  follows  a  complex  pattern  due 
in  part  to  its  large  degree  of  anisotropy.  A  parametric 
analysis  revealed  that  both  the  tangential  and  axial 
residual  stresses  in  this  layer  are  very  sensitive  to  the 
values  used  in  the  calculations  for  the  two 
independent  Poisson's  ratios  needed  to  model 
turbostratic  structures.  It  was  also  shown  that  all  other 
predicted  stresses  in  the  fiber  are  much  less  sensitive 
to  the  choice  of  these  values  except  when  vzB  and  v*, 
become  larger  than  0  05  and  0-1  respectively. 

The  predicted  axial  and  hydrostatic  residual  stresses 
in  the  SiC  sheath  are  compressive  and  decrease  in 
magnitude  with  temperature.  This  prediction  has  been 
associated  with  observed  thresholds  for  creep 
deformation  at  high  temperatures  and  with  the  high 
tensile  strength  of  these  fibers.  Also  the  nature  of  the 
residual  tangential  stress  in  the  SiC  sheath  is  always 
compressive  and  decreases  in  magnitude  along  the 
radius  toward  the  outer  layers  of  the  fiber  as  well  as 
with  temperature.  This  prediction  is  in  agreement  with 
tne  experimental  observation  that  radial  cracks  in  the 
SiC  sheath  are  never  observed,  except  when  the  fiber 
is  incorporated  into  a  composite  and  subjected  to  a 
high  temperature  manufacturing  schedule,  at  which 
point  the  stress  distribution  inside  the  fiber  has  been 
altered. 

The  effect  of  the  large  residual  radial  stresses  at  the 
carbon-surface /PG  layer,  and  PG-layer/SiC  sheath 
interfaces  has  been  identified  with  structural  defects  in 
the  fiber,  such  as  debonding.  The  origin  of  these  large 
stresses  can  be  traced  to  the  large  degree  of 
anisotropy  of  the  PG  layer  and  to  the  high 
temperature  required  for  its  deposition  in  order  to 
obtain  its  highly  oriented  structure. 

The  predicted  hydrostatic  stress  in  the  SiC  sheath  at 
1375°C  is  almost  one-tenth  the  magnitude  of  the  stress 
required  to  explain  the  anomalous  thermal  expansion 
behavior  of  the  SCS-6  fiber  at  this  temperature  using 
the  theory  of  first  order  transformations.37 
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ABSIRACX 

A  methodology  is  presented  for  studying  the  thennomechanical  behavior  of  fibers  at 
elevated  temperatures.  Emphasis  is  given  to  the  importance  and  sensitivity  of  mechanical 
spectroscopy  measurements  as  a  tool  for  investigating  deformation  mechanisms.  Selected 
experiments  include  thermomechanical  tests  in  a  wide  span  of  the  time  domain  (dynamic 
measurements,  creep  and  thermal  expansion  response)  as  well  as  analytical  structural 
characterization.  This  approach  will  only  be  useful  if  realistic  modeling  can  be  developed 
to  establish  links  between  microstructure,  macrostructure  and  properties.  As  an  example  an 
overview  of  the  characterization  of  the  SCS-6  SiC  fiber  at  high  temperatures  is  presented. 

INTRODUCTION- 

The  need  for  structural  materials  in  energy  conversion  systems  -  e.g.  nuclear 
reactors  and  jet  engines-  capable  of  withstanding  extreme  conditions  of  stress, 
environment  and  temperature  has  shifted  attention  from  the  improvement  of  superalloys  to 
the  potential  development  of  ceramic  matrix  composites  which  offer  the  capability  of 
retaining  stiffness  and  strength  at  higher  temperatures  with  substantially  lower  densities. 

Of  all  possible  reinforcements,  continuous  fibers  offer  the  best  alternative  to  improve  the 
damage  tolerance,  fracture  toughness  and  resistance  to  creep  of  ceramics.  However,  there 
is  only  a  limited  number  of  fibers  commercially  available  today  and  they  behave  in  a  way 
that  will  prevent  them  from  being  used  in  advanced  structural  applications.  For  example, 
silicon-oxy-carbide  fibers  begin  to  decompose  at  temperatures  as  low  as  1 100°C,  graphite 
fibers  can  not  survive  in  aggressive  environments  beyond  600°C  without  protective 
coatings,  tungsten  fibers  are  heavy  and  very  reactive,  CVD  SiC  fibers  with  carbon 
substrates  exhibit  an  anomalous  thermal  expansion  behavior  in  the  neighborhood  of 
1375°C  and  possess  large  diameters,  whereas  CVD  SiC  fibers  with  a  tungsten  substrate 
readily  react  resulting  in  a  severe  drop  in  strength  at  temperatures  beyond  1 100°C. 

These  limitations  have  prompted  work  on  their  improvement  and  in  the 
development  of  new  filaments,  calling  in  turn  for  screening  procedures  and  a  methodology 
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for  their  characterization.  The  results  from  the  characterization  studies  will  be  useful  both 
as  input  parameters  for  the  design  of  composite  structures  and/or  for  the  improvement  of 
the  filaments.  Some  of  the  relevant  properties  that  need  to  be  evaluated  include  the 
temperature  dependence  of  stiffness  and  strength,  the  resistance  to  creep,  the  thermal 
expansion  response,  environmental  stability  and  how  these  properties  relate  to  the  micro 
and  macro  structures.  For  the  latter,  complementary  studies  should  include  compositional 
and  microstructural  characterization  using  spectroscopy,  the  power  of  the  analytical 
electron  microscope  and  other  techniques  such  as  XRJD  and  high  temperature  DSC/TGA. 

Furthermore,  the  development  of  constitutive  equations  and  deformation  models 
that  incorporate  the  effects  of  the  manufacturing  process  to  simulate  and  predict  the 
behavior  of  these  filaments  under  a  given  set  of  conditions  of  stress,  temperature, 
environment  and  time  is  of  utmost  importance. 

In  this  paper,  a  general  methodology  is  presented  for  the  characterization  of  fibers 
at  elevated  temperatures.  The  case  of  the  SCS*6  SiC  fiber  will  be  addressed  showing  the 
advantages  and  limitations  of  some  analytical  techniques  and  highlighting  the  importance 
of  mechanical  spectroscopy  for  characterization.  In  this  particular  case,  the  sensitivity  of 
thermal  expansion  measurements  was  proved  to  be  far  superior  for  detecting  a  phase 
transformation  compared  to  any  of  the  conventional  characterization  techniques. 

EXPERIMENTAL  APPROACH. 

Figure  1  shows  the  areas  where  characterization  is  needed.  The  links  in  the  diagram 
indicate  for  example  that  physical  and  mechanical  models  should  be  developed  based  on 
the  results  of  thermomechanical  tests  and  microstructural  observations,  but  also  that  further 
tests  and  observations  should  be  designed  to  test  the  validity  of  the  models. 

In  the  physical  area,  it  is  necessary  to  determine  basic  mactosmictural  properties 
such  as  diameter,  uniformity,  fracture  surface  morphology,  interfaces  in  composite 
structures,  density,  etc.  Microstructural  features  include  grain  size,  crystallographic 
structure,  texture,  etc.  Some  of  the  techniques  for  diameter  determination  include  laser 
diffraction  and  direct  measurements  using  the  optical  or  electron  microscope.  Density 
measurements  could  be  achieved  by  X-ray  diffraction  methods  or  a  combination  of 
hydrostatic  and  dilatometric  measurements.  The  fracture  morphology  provides  information 
on  the  degree  of  brittleness  of  the  fiber  and  the  regions  where  crack  initiation  takes  place. 
These  observations  can  then  be  used  to  evaluate  the  validity  of  residual  stress  and  damage 
propagation  analyses  for  example.  Microstructural  characterization  can  be  achieved  n*  stly 
with  X-ray  and  TEM  analyses. 

Compositional  analysis  can  be  carried  out  by  combining  techniques  such  as  XRD, 
the  electron  microprobe,  Raman  and  Auger  spectroscopy.  Some  of  the  limitations  of  these 
techniques  are  that  they  are  unable  to  detect  or  identify  phases  present  in  less  than  3% 
concentration  and  because  of  the  rather  large  size  of  the  probe  compared  to  the  average 
grain  size  in  polycrystalline  materials,  the  results  are  only  averages  over  large  sections.  In 
this  case  the  analytical  electron  microscope  and  the  measurement  of  SAD  patterns  of  very 
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small  regions  provide  the  most  powerful  tool  for  phase  identification.  However  there  are 
situations  in  which  even  this  technique  is  limited  because  transparency  requirements 
during  sample  preparation  could  sometimes  introduce  additional  artifacts  and  tamper  with 
the  evidence. 

Figure  2  shows  the  X-ray  spectra  for  pulverized  SCS-6  SiC  fibers  after  a  heat 
treatment  in  air  at  elevated  temperatures.  Notice  the  appearance  of  a  silica  peak  indicating 
that  oxidation  had  taken  place.  It  is  also  interesting  to  observe  that  the  microstructure  is 
heavily  faulted  because  of  the  presence  of  several  reflections  from  a-SiC  planes  in  this 
mostly  p-SiC  fiber.  The  graphite  reflections  arise  from  the  pyrolytic  graphite  coating 
deposited  around  the  carbon  substrate.  Although  dislocation  motion  is  limited  in  ceramics 
because  of  the  large  value  of  the  Pierls  stress,  the  presence  of  stacking  faults  could  enhance 
gliding  and  climbing  promoting  in  turn  deformation.  A  detailed  description  of  the 
manufacturing  process  and  the  general  features  of  the  fiber  can  be  found  in  [1],  Figure  3 
shows  a  scan  gfigoss  the  fiber  using  the  electron  microprobe.  The  spot  size  of  the  beam  was 
1  pm  approximately.  Considering  that  the  average  grain  size  in  this  fiber  is  of  the  order  of 
SO  nm,  this  technique,  as  well  as  Raman  and  Auger  spectroscopy  are  limited  if  detailed 
analysis  of  the  grain  boundaries  or  change  in  composition  form  grain  to  grain  is  intended, 
although  effective  averages  for  composition  can  be  obtained  readily.  Although  it  might 
seem  that  the  composition  across  the  fiber  changes  from  carbon-rich  to  silicon-rich  it 
should  be  mention  that  these  fluctuations  are  perhaps  outside  the  resolution  of  these 
measurements 

Some  fibers  undergo  recrystallization  and  phase  transitions  at  high  temperatures 
and  new  phases  could  be  formed  if  the  samples  axe  exposed  to  aggressive  environments. 
Also  loss  or  gain  of  weight  is  a  common  occurrence  at  high  temperatures  in  aggressive 
environments.  In  this  case  simultaneous  TGA/DTA  provide  valuable  information  as  the 
system  absorbs  or  releases  heat  while  temperature  is  increased  or  decreased  at  a  prescribed 
rate  and  as  the  material  gains  or  losses  weight.  Figure  4  shows  a  typical  DSC  scan  at  a  rate 
of  20°C/min  for  a  SCS-6  fiber.  The  temperatures  indicated  in  the  graph  are  small 
deviations  from  the  base  line.  However,  despite  the  sensitivity  of  some  of  these 
instruments,  if  small  reactions  are  the  subject  of  the  study,  they  could  easily  get  lost  in  the 
noise  and  fluctuations  inherent  in  these  measurements  at  temperatures  above  1300°C.  It  is 
believed  that  the  faint  signal  at  1376°C  is  related  to  the  anomalous  thermal  expansion 
behavior  exhibited  by  this  fiber  but  it  is  so  weak  that  no  quantitative  analysis  was  possible. 

Mechanical  spectroscopy  has  proved  to  be  an  invaluable  tool  for  the  sensitive 
measurement  of  parameters  intimately  related  to  the  microstructure  of  the  material.  For 
example  there  exist  dynamic  techniques  capable  of  resolving  1  part  in  5000  of  the  out  of 
phase  dynamic  modulus.  A  detailed  monitoring  of  the  out-of-phase  modulus  with 
temperature  can  provide  information  on  the  way  the  material  dissipates  energy,  for 
example  through  the  formation  of  a  new  phase,  by  the  disruption  of  an  interface  or  by 
friction.  Also,  this  method  offers  the  possibility  of  determining  the  temperature 
dependence  of  the  elastic  modulus  as  shown  in  Figure  5  and  compared  to  other  forms  of 
SiC.  The  major  limitation  for  applying  this  technique  is  that  hot  wall  furnaces  with  open 
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ends  should  be  used  to  avoid  the  frictional  interference  of  the  fiber  grips  with  the  furnace, 
implying  that  a  way  must  be  devised  to  extract  isothermal  properties  from  a  collection  of 
tests  at  different  temperatures  with  variable  gauge  lengths.  Examples  of  this  procedure  can 
be  found  elsewhere[l,2]. 

Dilatometry  in  the  form  of  axial  and  radial  thermal  expansion  measurements  not 
only  provides  information  on  the  continuous  change  of  the  material  as  temperature  is 
changed,  but  if  the  measurements  are  sensitive,  volume  changes  associated  with  phase 
transformadons  can  be  detected. 

This  is  the  case  for  the  SCS-6  SiC  fiber.  Because  of  the  manufacturing  conditions, 
it  is  likely  that  non-stoichiometric  silicon  is  present  in  the  fiber.  Upon  melting,  this  excess 
silicon  increases  its  density  forcing  the  fiber  to  contract  in  the  neighborhood  of  1375°C  on 
hearing,  and  to  expand  on  cooling  at  around  1300°C  upon  solidification.  Compositional 
studies  were  unable  to  detect  the  small  amount  of  silicon  (approximately  1%  volume) 
necessary  to  produce  the  effect  shown  in  Figure  6.  It  can  be  observed  that  the  sensitivity  of 
the  dilatometric  measurements  is  large  enough  to  reproduce  this  phenomenon  repeatedly 
on  the  same  fiber  after  three  cycles.  New  techniques  have  been  devised  to  measure 
simultaneously  the  radial  and  axial  thermal  expansion  response  of  fibers  incorporating 
diffraction  techniques  in  the  High  Temperature  Fiber  Testing  Facility[3].  This  is  useful 
because  in  a  number  of  manufacturing  processes,  the  products  show  a  large  degree  of 
anisotropy  in  the  thermal  expansion  behavior  and  other  mechanical  properties.  Details  of 
the  measurements  and  the  nature  of  the  anomalous  thermal  expansion  behavior  can  be 
found  in  [3,4]. 

Creep  is  perhaps  the  raost^mitmg  factor  for  using  a  material  at  high  temperatures 
in  structural  applications  and  it  iAne  phenomenon  where  the'fltaionships  between 
structure,  properties  and  thcrmomechaaical  response  are  most  evident.  The  size  of  the 
grains,  the  formation  of  glassy  phases  at  tho  grain  boundaries,  a  heavily  faulted  structure, 
the  existence  of  residual  stresses  etc,  are  ^strongly  linked  to  the  deformation  mechanisms 
controlling  the  rat*  of  deforraariofTof  the  material.  Creep  experiments  in  sq|gle  filaments 
are  difficult  and  expensive  because  of  their  &>ng  duration  and  because  of  the  small 
dimensions  of  individual  fibers. 

Figure  7  shows  the  rypicafcreep  response  of  a  SCS-6  SiC  fiber  at  1200°C  and  400 
MPa  along  with  the  curve  predicted  by  a  composite  model  which  was  developed  to  analyze 
the  rime-dependent  deformation  of  this  composite  fiber.  Both  the  creep  and  thermal 
expansion  measurements  presented  in  this  paper  were  obtained  in  the  High  Temperature 
Fiber  Testing  Facility[3J. 

MODELING 

Data  acquisition  although  important  is  far  more  useful  when  models  capable  of 
establishing  links  between  the  micro  and  macrostructure  of  the  fiber  and  its  properties  are 
developed.  For  example,  three  models  have  been  developed  to  analyze  the  deformation 
under  stress  and  temperature  as  a  function  of  rime  of  the  SCS-6  SiC  fiber. 
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The  first  model  was  created  to  study  the  internal  state  of  stress  of  the  fiber  after 
fabrication,  taking  into  account  that  the  fiber  possesses  a  composite  structure  and  that  high 
temperatures  are  necessary  for  its  manufacture.  Although  the  analysis  assumed  that  all  the 
phases  behaved  in  a  perfectly  elastic  manner,  the  model  was  capable  of  predicting  the  large 
stresses  responsible  for  producing  debonding  at  some  of  the  fiber  interfaces.  Figure  8 
shows  a  scanning  electron  micrograph  of  the  carbon-pyrolytic  graphite  layer  interface  in 
which  debonding  is  evident  while  Figure  9  shows  the  radial  residual  stress  across  the  fiber. 
From  this  set  of  curves  can  be  observed  the  large  value  of  the  normal  interface  stress  at  the 
carbon-pyrolytic  graphite  interface.  Also,  other  predictions  of  the  model  have  been  linked 
to  observed  increases  of  strength  with  temperature  and  stress  thresholds  for  creep.  Further 
details  can  be  found  elsewhere[51. 

The  second  model  deals  with  the  anomalous  thermal  expansion  behavior  of  this 
fiber  in  the  neighborhood  of  1375°C  on  heating  and  around  1300°C  on  cooling  and  its 
kinetic  nature.  The  model  takes  into  account  the  lack  of  stoichiometry  of  the  fiber  and  the 
likely  presence  of  small  clusters  of  excess  silicon  dispersed  according  to  a  distribution  law. 
The  model  incorporates  the  thermodynamic  effect  of  size  in  melting  and  successfully 
predicts  the  anomalous  behavior  on  both  heating  and  cooling.  Figure  10  shows  the 
predicted  thermal  expansion  response  on  heating  according  to  this  model.  Details  of  the 
analysis  can  be  found  in  a  recent  report[4}.  Also  at  this  moment,  attempts  are  under  way  to 
detect  experimentally  the  existence  of  these  silicon  clusters  in  the  fiber  to  validate  the 
model. 


The  third  model  was  developed  to  address  the  composite  structure  of  this  fiber  and 
the  influence  of  this  structure  on  the  time  dependent  deformation  under  stress.  This  is 
important  because  if  the  fiber  is  analyzed  as  a  single  entity,  then  activation  energies  and 
other  parameters  (e.g.  stress  exponents,  etc)  that  can  be  extracted  from  a  family  of  creep 
curves  would  be  just  fitting  parameters  without  clear  physical  meaning.  Furthermore,  the 
anelastic  behavior  of  this  fiber  is  most  likely  related  to  its  composite  structure  and  not  to 
some  relaxation  mechanism  as  previously  suggested[6].  Figure  7  shows  the  predictions  of 
the  composite  creep  model  along  with  an  experimental  creep  curve  at  1200°C  and  400 
MPa.  Some  of  the  predictions  of  the  model  include  monotonic  decreases  in  the  creep  rate, 
the  existence  of  equilibrium  strains  after  long  times  and  the  complete  recovery  of  the  creep 
deformation.  This  implies  that  there  exists  a  stress  transfer  mechanism  from  the  creeping 
phases  to  the  elastic  ones  during  creep  and  vice  versa  during  recovery.  Although  the  entire 
fiber  might  be  subjected  to  a  constant  stress  level  during  creep,  the  creeping  phases  will  be 
subjected  to  a  non-constant  decreasing  stress.  Details  of  the  model  will  be  the  subject  of  an 
upcoming  report[7]. 

One  of  the  ways  deformation  mechanisms  are  identified  is  by  determining  the 
activation  energy  controlling  the  rate  of  deformation.  In  the  case  of  fibers,  activation 
energies  can  be  obtained  from  dynamic  viscosity  measurements^],  creep[7],  and  in  the 
case  of  the  the  anomalous  thermal  expansion  behavior,  from  heating-isothermal  holding 
experiments! 8].  Once  again,  special  attention  should  be  paid  to  the  interpretation  of  these 
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parameters  in  composite  systems  in  which  more  than  one  phase  is  undergoing  deformation. 
Many  times  the  sources  of  deformation  based  on  activation  measurements  can  be 
corroborated  through  microstructural  observations,  of  events  such  as  dislocation  motion, 
grain  boundary  sliding,  cavitation,  etc. 


SUMMARY. 

Using  the  example  of  the  SCS-6  SiC  fiber,  a  systematic  methodology  for  the 
characterization  of  advanced  fibers  for  high  temperature  structural  applications  was 
presented.  The  main  ideas  behind  this  methodology  include  the  evaluation  of  the 
thermomechanical  behavior  using  mechanical  spectroscopy  and  the  study  of  the 
microstructural  evolution  as  a  function  of  stress,  time,  environment  and  temperature.  The 
use  of  realistic  physical  models  is  necessary  if  an  understanding  of  the  deformation 
mechanisms  is  intended  and  if  improvement  in  the  mechanical  behavior  of  the  filaments  is 
sought.  Furthermore,  the  model  predictions  should  be  tested  experimentally  against 
samples  with  special  features  relevant  to  the  characteristics  of  the  model  whenever 
possible.  Special  care  should  be  taken  during  the  interpretation  of  the  results  and  specially 
of  parameters  such  as  activation  energies,  for  example.  The  way  they  are  obtained  and  the 
assumptions  that  were  made  for  their  calculation  should  be  considered  with  special 
attention  for  composite  fibers. 
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Fig.  1  Schematic  diagram 
showing  the  areas  where 
characterization  and 
analysis  is  needed  for  the 
thermomechanical  and 
structural  characterization 
of  high  performance  fibers 


Fig.2  X-ray  spectra  of  pulverized  SCS-6  fibers  after  a  heat  treatment  at  high  temperatures. 
Oxidation  is  evident  from  the  presence  of  a  silica  peak.  Also  the  reflections  from  alpha-SiC 
planes  indicate  that  the  microstructure  is  heavily  faulted 


Temperature  Difference  (microvolts) 


Fig.3.a.  Cross  sectional  area 
of  the  SCS-6  SiC  fiber.  Total 
diameter  is  142  microns. 
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Fig.3.b.  Electron  microprobe 
scan  across  the  fiber  in  Fig.  3.a. 
Probe  size :  1.0  micron 
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Fig.5  Temperature  dependence  of  the  elastic  modulus  of  SCS-6  SiC  fibers 
from  dynamic  measurements  (Beale  &  Stemstein)  compared  to  other  forms 
of  SiC  along  with  the  prediction  of  the  rule  of  mixtures  based  on  the  composite 
structure  of  the  fiber 


Fig.  6  Thermal  expansion  response  of  a  SCS-6  SiC  fiber.  Three  different  curves  are 
presented  indicating  the  degree  of  reproducibility  and  the  smooth  nature  of  the 
measurements.  The  results  were  obtained  using  Rensselaer's  High  Temperature 
Fiber  Testing  Facility. 


(Thousands) 

Fig.7  Creep  response  of  a  SCS-6  SiC  fiber  at  1200°C  and  400  MPa  and  predictions  of  the 
creep  model.  T7ie  creep  behavior  is  anelastic  arising  from  the  fiber’s  composite  structure. 
The  results  were  obtained  using  Rensselaer's  High  Temperature  Fiber  Testing  Facility 


Fig.  8.a  Scanning  electron  micrograph  of 
a  typical  SCS-6  fiber  fracture  surface. 
Carbon  core  diameter  is  37  microns. 


Fig.8.b.  Magnification  of  Fig.  8.  a. 
showing  the  de bonded  region  at  the 
carbon  core-pyrolytic  graphite  interface. 
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Fig.  9  Radial  residual  stress  across  the  SCS-6  fiber  at  different  temperatures.  The  results 
were  obtained  using  a  four-phase  composite  model  which  incorporates  the  effects  of 
straining  the  carbon  substrate  during  chemical  vapor  deposition. 


Fig.  10  Thermal  expansion  response  according  to  the  composite  model  developed  to  predict 
the  effective  thermal  expansion  behavior  of  systems  containing  non-stoichiometric  silicon. 
The  model  incorporates  the  thermodynamic  effect  of  particle  size  on  the  melting  of  excess 
silicon. 
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INTRODUCTION 

Thermal  characterization  of  the  constituent  mechanical  properties  is  an 
essential  step  in  the  development  of  advanced  high  temperature  composites.  The 
limited  database  on  engineering  properties  of  candidate  materials  for  both  fibers  and 
matrices  is  a  major  factor  which  hinders  the  screening  of  potentially  successful 
composite  systems  prior  to  their  actual  development  or  fabrication.  Many  advances 
in  the  micromechanics  of  composite  materials  cannot  be  fully  utilized  as  a  result  of 
incomplete  or  reliable  data  on  essential  properties  such  as  coefficient  of  thermal 
expansion  (CTE),  creep  behavior,  modulus  or  strength.  Modeling  studies  provide 
not  only  a  means  to  screen  viable  materials  systems  prior  to  actual  fabrication,  but 
also  provide  a  means  to  supplement,  validate  and/or  substitute  for  extensive  long 
tern,  testing  of  the  final  composite  system. 

In  this  paper,  two  new  instruments  are  described  which  were  specifically 
developed  to  provide  extensive  and  reliable  data  on  single  fibers  at  elevated 
temperatures.  The  first  instrument  is  designed  to  measure  complex  dynamic 
modulus  over  a  broad  range  of  both  frequency  and  temperature.  The  dynamic 
technique  is  especially  useful  for  measuring  anelastic  processes  which  occur  at  very 
short  relaxation  times,  too  short  to  be  meaningfully  measured  by  creep  experiments. 
Thus,  dynamic  measurements  provide  information  pertaining  to  material  response 
for  rapid  changes  in  stress  levels.  In  addition,  the  dynamic  method  is  far  more 
sensitive  than  creep  in  determining  the  presence  of  small  levels  of  anelastic 
response,  and  is  therefore  a  highly  sensitive  probe  for  evaluating  small  changes  in 
structure-property  relations  or  mechanisms  of  deformation  resulting,  for  example, 
from  changes  in  fiber  processing  or  subsequent  heat  treatments. 

The  second  instrument  has  been  designed  to  measure  creep  and  CTE  on 
several  single  fiber  samples  simultaneously.  This  instrument  provides  for  an  inert 
sample  atmosphere  and  an  unusually  long  and  isothermal  gauge  length  with 
exceptionally  stable  high  temperature  control.  The  creep  data  span  a  time  scale  from 
several  seconds  to  an  arbitrary  upper  limit.  Owing  to  the  exceptionally  long 
isothermal  gauge  length,  the  creep  data  directly  reflect  the  sample  behavior  without 
corrections,  as  opposed  to  the  dynamic  modulus  data  which  must  be  deconvoluted 
as  a  result  of  the  sample  temperature  distribution.  The  creep  and  dynamic  data  are 
complementary  and  combine  to  render  anelastic  data  on  single  fibers  over  a  range  of 
more  than  eight  decades  of  time  scale. 


DYNAMIC  MODULUS  APPARATUS 


A  schematic  of  this  apparatus  test  frame  is  shown  in  Figure  1.  The  typical  test 
sample  is  approximately  46  cm  long,  although  provisions  have  been  made  to 
employ  samples  ranging  from  ca.  20  cm  to  64  cm  in  length  in  order  to  evaluate  the 
“machine  compliance”  correction  factor.  Heating  is  accomplished  by  a  hollow  SiC 
tube  about  30  cm  long  which  surrounds  the  fiber.  The  ends  of  the  fiber  are  cold 
gripped  outside  of  the  heating  tube,  with  one  end  connected  to  a  load  cell  and  the 
other  end  connected  to  a  linear  motor  employing  an  externally  mounted  spring  steel 
suspension.  Massive  copper  end  blocks  which  are  water  cooled  are  fitted  with 
special  conducting  strips  that  provide  electrical  contact  with  the  SiC  heating  tube. 

An  LVDT  (linear  variable  differential  transformer)  is  mounted  in  parallel  with  the 
lower  sample  grip  and  linear  motor. 

An  electrical  current  as  high  as  120  amps  is  passed  through  the  SiC  heater  via 
the  copper  end  blocks.  This  current  is  obtained  from  a  massive  transformer  whose 
secondary  windings  have  been  impedance  matched  to  the  nominal  resistance  of  the 
heater,  which  varies  significantly  with  temperature  and  goes  as  low  as  0.1  ohms  at 
ca.  700  C  after  which  die  resistance  rises  with  temperature.  The  primary  of  the 
transformer  is  fed  from  an  SCR  controlled  by  a  PID  temperature  controller  using  a 
Pt/Pt-10%  Rh  thermocouple  located  at  midplane  in  the  heating  tube  and  adjacent  to 
the  fiber.  Hie  high  currents  required  for  initial  heating  and  the  minimum  in  the 
heater’s  resistance  posed  several  control  difficulties  which  were  subsequently 
overcome  by  the  impedance  matching  of  the  transformer  and  special  snubber 
circuits  across  both  the  primary  and  secondary  windings.  Without  these 
precautions,  the  lifetime  of  the  temperature  controller  was  found  to  be  alarmingly 
small  and  costly. 

The  linear  motor  is  driven  by  a  DC  coupled  power  amplifier  with  the 
sinusoidal  drive  signal  superposed  on  a  static  signal  to  provide  for  a  tensile  preload 
on  the  fiber  at  all  times  (including  the  bottom  of  the  sine  wave).  The  sinusoidal 
drive  signal  originates  in  an  instrument  called  the  Dynalyzer  (Ref.  1,  and  available 
from  IMASS,  Accord,  Mass.),  which  is  also  used  to  process  the  load  and 
displacement  signals  and  recover  the  in-phase  (or  elastic)  and  out-of-phase  (or  loss 
or  viscous)  components  of  the  dynamic  modulus.  Special  s;gnal  processing 
techniques  in  the  Dynalyzer  eliminate  errors  in  phase  measurements  due  to  the  DC 
signal  component  and  also  due  to  noise  and  harmonics  in  the  load  and  displacement 
signals. 

Measurements  on  Avco  SCS-6  SiC  fibers  have  been  performed  from  room 
temperature  to  1600  C.  At  room  temperature,  the  dynamic  loss  factor  (ratio  of  out- 
of-phase  to  in-phase  components  of  the  dynamic  modulus)  was  found  to  be  less 
than  0.0005,  indicating  virtually  perfect  elastic  response,  as  expected.  It  should  be 
noted  that  such  resolution  requires  identical  phase  matching  of  the  frequency 
response  of  the  load  and  displacement  amplifiers,  which  is  not  easy  due  to  the  fact 
that  the  load  cell  is  a  strain  gauge  and  the  displacement  transducer  is  an  LVDT.  We 
have  achieved  near  perfect  phase  matching  of  these  two  amplifiers  from  DC  to  1000 
Hz.  Thus,  it  is  safely  concluded  that  any  differential  phase  response  observed  is 


due  to  the  actual  sample  anelastic  behavior  and  is  not  an  ?rtifact  associated  with  the 
processing  electronics. 

The  heated  wall  method  used  for  the  dynamic  modulus  apparatus  produces  a 
parabolic  temperature  distribution  from  grip  to  grip  as  expected  from  theory. 
Accordingly,  algorithms  have  been  developed  to  deconvolute  both  the  in-phase  and 
out-of-phase  measurements  so  as  to  obtain  data  which  represents  isothermal 
behavior  of  the  sample.  The  corrected  data  agree  well  with  available  literature  data 
on  SiC,  and  will  be  discussed  at  length. 

No  apparatus  is  ideally  stiff.  The  actual  compliance  of  the  present  apparatus 
has  been  measured  by  comparing  modulus  data  obtained  on  elastic  samples  (SCS-6 
at  room  temperature)  of  various  gauge  len0ths  and  extrapolating  on  a  reciprocal 
length  plot  to  infinite  length.  All  data  presented  have  been  corrected  for  machine 
compliance. 

CREEP  APPARATUS 

A  multi-station  creep  apparatus  which  is  fully  computerized  is  described  in 
detail  elsewhere  (Ref.  2).  Briefly,  the  apparatus  consists  of  six  independent  creep 
stations.  Each  fiber  is  encased  in  a  2.5  cm  Pyrex  tube  which  also  serves  as  an 
environmental  chamber,  generally  purged  with  Argon.  The  single  fiber  samples  are 
heated  by  passing  a  current  direcdy  through  t-ch  sample.  A  closed  loop  servo 
temperature  control  is  implemented  by  means  of  a  two  wavelength  optical 
pyrometer  which  sends  the  temperature  of  each  fiber  to  a  computer  which  then 
implements  a  PID  loop  and  outputs  a  DC  control  signal  to  a  high  voltage  power 
supply  (fra:  each  fiber).  The  optical  pyrometer  is  mounted  on  a  precision  rotary 
table  containing  a  digital  stepping  motor,  used  to  precisely  align  the  field  of  view  of 
the  pyrometer  with  each  fiber. 

The  temperature  of  each  fiber  can  be  programmed  to  ramp  at  precise  rates 
ranging  from  less  than  1  to  greater  than  1000  °C  per  minute  for  CTE  experiments, 
or  held  constant  (for  creep  experiments).  Experiments  have  shown  that  temperature 
can  be  controlled  to  within  1  °C  for  indefinite  times  (e.g.,  of  the  order  of  a  month) 
at  temperatures  of  1400  °C.  The  gauge  length  of  38  cm  is  uniform  to  within  30  °C 
(max.  -  min.)  at  1400  °C.  Therefore,  no  corrections  are  required  as  with  the 
dynamic  modulus  apparatus.  Loads  are  applied  to  each  fiber  by  means  of  a  weight 
and  platform  attached  to  one  end  of  each  fiber.  The  motion  of  each  platform  is 
monitored  using  an  LVDT,  which  transmits  its  signal  to  the  computer,  which  also 
serves  as  a  data  logger.  Incremental  strains  as  small  as  0.000066  %  can  be 
reproducibly  resolved. 

RESULTS 

Extensive  dynamic  modulus  measurements  on  Avco  SCS-6  fibers  have  been 
obtained  and  reported  elsewhere  (Ref.  3).  The  thermal  gradient  corrected  and 
normalized  (to  the  room  temperature  value)  in-phase  (elastic)  moduli,  at  one  Hz,  for 
several  SCS-6  samples  are  shown  vs.  temperature  in  Fig.  2.  The  room  temperature 


value  used  for  normalization  is  374  GPa.  The  data  represent  samples  run  under  a 
variety  of  load  and  thermal  test  histories.  The  onset  of  a  marked  change  in  the  rate 
of  change  of  modulus  with  temperature  at  ca.  1300  °C  is  noteworthy.  The 
corresponding  (simultaneously  measured)  values  for  the  thermally  corrected  out-of¬ 
phase  (loss)  moduli  vs.  temperature,  also  at  one  Hz.,  are  shown  in  Fig.  3.  These 
data  are  not  normalized,  since  the  room  temperature  value  is  close  to  zero  (less  than 
0.05  GPa).  From  linear  anelasticity  theory,  it  is  easy  to  show  that  the  real  part  of 
the  complex  dynamic  viscosity  is  equal  to  the  imaginary  (or  loss)  pan  of  the 
complex  dynamic  modulus  divided  by  the  frequency  of  measurement  (in  radians 
per  sec).  Figure  4  shows  the  data  for  one  of  the  load/temperature  histories  plotted 
as  real  (in-phase)  dynamic  viscosity  vs.  temperature  for  three  test  frequencies.  The 
lack  of  convergence  of  the  three  frequency  curves  indicates  that  a  Non-Newtonian 
process  is  involved.  Slope  measurements  on  these  curves  gives  an  activation 
energy  for  the  process  as  will  be  discussed  in  the  presentation. 

Data  obtained  on  the  creep  apparatus  run  at  a  constant  heating/booling  rate  of 
15  °C  is  shown  in  Fig.  5.  Several  repetitions  of  the  heating  and  cooling  cycles  on  a 
single  sample  are  shown.  During  the  heating  cycle,  at  1373  °C  the  fiber  undergoes 
a  contraction  while  during  the  cooling  cycle,  an  expansion  occurs  at  1307  °C. 

These  contraction  and  expansion  values  are  rate  dependent,  and  a  possible 
explanation  will  be  presented.  Creep  results  at  several  loads  and  temperatures  will 
also  be  given. 
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ABSTRACT 

The  composite  structure  of  SiC  fibers  produced  by  chemical  vapor  deposiuon  is  reviewed 
briefly  in  order  to  illustrate  the  complex  mechanical  behavior  which  such  fibers  can  exhibit. 
A  new  apparatus  for  studying  the  creep  behavior  of  fibers  is  described  in  which  virtually 
isothermal  gage  lengths  can  be  achieved  at  temperatures  up  to  1600  C.  A  second  apparatus 
for  measuring  complex  dynamic  moduli  from  0.1  to  25  Hz  for  temperatures  to  1600  C  is  also 
presented.  Loss  (imaginary)  modulus  values  greater  than  I  part  in  2000  of  the  storage  (real) 
modulus  can  be  measured.  Example  data  are  presented  for  a  variety  of  loading  histories, 
temperatures  and  stress  levels.  A  new  algorithm  for  the  correction  of  non  isothermal  me¬ 
chanical  data  is  used  to  compute  isothermal  dynamic  moduli  values  to  1600  C.  It  is  found 
that  anelastic  processes  occur  both  dynamically  and  in  creep  at  temperatures  as  low  as  1 100 
C.  Activation  energies  for  dynamic  loss  mechanisms  are  presented. 

1.  INTRODUCTION 

The  low  fracture  toughness  of  ceramic  materials  is  a  major  obstacle  to  their  increased  usage 
in  high  temperature  structural  (load  bearing)  applications.  A  number  of  techniques  including 
second  phase  dispersions,  transformation  toughening  and  fiber  reinforcement  have  been 
considered  to  increase  toughness.  The  tremendous  potential  offered  by  continuous  fiber 
reinforcement  has  led  to  considerable  interest  in  the  properties  of  reinforcing  fibers  and  the 
role  of  the  fiber/matrix  interface  in  producing  enhanced  toughness,  ceramic  matrix  compos¬ 
ites.  To  better  understand  and  predict  the  global  mechanical  properties  of  the  composite,  it  is 
necessary  to  first  understand  and  characterize  the  properties  of  the  constituent  phases.  This 
paper  focuses  on  one  of  the  more  promising  high  temperature  reinforcing  fibers,  namely  SiC 
fibers  produced  by  chemical  vapor  deposition  (CVD) 


SiC  fibers  appear  to  have  substantial  promise  as  a  high  temperature  reinforcement.  However, 
issues  such  as  failure  modes,  crack  propagation  resistance,  residual  stresses  and  creep  have 
already  been  identified  as  important  to  the  intended  application  (1,2,3).  Avco  SiC  fibers  are 
available  commercially  and  are  the  material  chosen  for  this  study.  These  fibers  are  manufac¬ 
tured  by  a  CVD  process  which  involves  a  complex  series  of  steps  that  serve  to  produce  a 
fiber  that  is  itself  a  composite,  thereby  complicating  the  interpretation  of  deformation  mecha¬ 
nisms  and  behavior  of  the  fiber. 

A  glassy  carbon  fiber  about  33  um  in  diameter  is  used  to  provide  a  continuous  feed  substrate 
on  which  to  deposit  SiC  by  CVD.  The  carbon  fiber  is  heated  electrically  using  mercury 
electrodes.  However,  to  provide  a  smooth  flaw  free  surface  for  enhanced  electrical  conduc¬ 
tivity  and  avoid  the  “light  bulb  effect’’,  the  carbon  fiber  is  first  coated  with  a  highly  oriented 
pyrolytic  graphite  layer  about  1  um  in  thickness.  This  layer  is  deposited  at  about  2500  C.  A 
similar  process  is  used  in  the  production  of  Boron  fibers  (4). 

The  coated  carbon  fiber  is  then  exposed  to  a  mixture  of  silane  and  hydrogen  gases  at  about 
1300  C,  which  produces  beta  SiC  in  columnar  grains  with  the  ( 1 1 1 )  planes  preferentially 
oriented  parallel  to  the  deposition  surface  (5,6).  At  this  stage  the  fiber  has  a  diameter  of  ca. 
140  um.  Although  the  silane  gases  used  have  a  1: 1  Si  to  C  ratio,  there  is  a  tendency  for  the 
deposition  of  excess  carbon.  This  is  detrimental  to  the  strength  of  the  SiC  fiber.  The  use  of 
hydrogen  suppresses  carbon  deposition  and  results  in  excess  silicon  (5),  which  may  be 
responsible  for  the  shrinkage  of  SiC  fibers  at  ca.  1400  C  as  noted  by  DiCarlo  (2). 

The  final  step  is  to  deposit  a  surface  coating  on  the  fiber  which  serves  to  reduce  susceptabil- 
ity  to  surface  damage  and  promote  compatability  with  the  matrix  with  which  the  fiber  will  be 
used.  In  our  studies,  Avco  SCS-6  fibers  were  used  for  which  the  surface  treatment  is  a 
carbon  rich  coating  with  a  variable  SiC  content.  The  coating  is  ca.  2  um  thick. 

The  composite  structure  of  the  fiber  and  the  widely  different  mechanical  properties  of  the 
various  layers  suggest  that  a  simple  creep  model  for  the  fiber  is  inappropriate  and  that  a 
composite  averaging  scheme  must  be  employed.  Also,  the  disparate  thermal  properties  of  the 
layers  implies  that  residual  thermal  stresses  may  be  a  significant  factor  in  the  analysis  of  high 
temperature  mechanical  data. 


3. 


Creep  and  recovery  experiments  were  performed  using  a  specially  constructed  apparatus 
permitting  six  simultaneous  creep  experiments.  Each  unit  resembles  a  tubular  CVD  reactor 
consisting  of  two  water  cooled  aluminum  end  caps  with  internal  mercury  receptacles  for 
making  electrical  contact  with  the  fiber.  The  sample  chamber  is  simply  an<T8  mm  dia.  pyrex 
tube  without  insulation.  An  inert  atmosphere  of  Argon  is  maintained  at  all  times.  The  lower 
end  of  the  fiber  is  connected  to  a  LVDT  displacement  transducer  using  a  lightweight  plat¬ 
form  on  which  the  desired  creep  loads  may  be  placed. 

Temperatures  are  measured  using  a  two  wavelength  optical  pyrometer  which  is  incorporated 
into  a  computerized  data  acquisition  and  control  system.  Thermal  control  is  achieved  by 
closed  loop  control  of  a  DC  power  supply  whichvaries  the  current  passing  through  the  fiber 
specimen.  The  gauge  length  of  the  fiber  is  about  350  mm.  This  system  has  the  advantage  of 
producing  a  nearly  uniform  temperature  along  the  entire  gage  length,  typically  with  a  vari¬ 
ation  of  less  than  50  C  occuring  within  10  mm  of  the  end  caps.  The  control  of  temperature 
throughout  90%  of  the  sample  is  typically  1  C  at  an  operating  temperature  of  1500  C. 


Measurements  of  complex  dynamic  modulus  (in  phase  and  out  of  phase  components)  were 
also  performed  on  a  special  apparatus  consisting  of  a  linear  motor,  DC  coupled  power  ampli¬ 
fier,  precision  phase  matched  load  and  dispacement  amplifiers,  a  heated  wall  SiC  heating 
element  and  a  dynamic  mechanical  analyzer  capable  of  resolving  phase  angles  as  small  as  1/ 
5000  (out  of  phase  to  in  phase  modulus  ratio).  This  apparatus  exhibited  the  expected  para¬ 
bolic  temperature  profile  common  to  heated  wall  cylindrical  chambers.  Temperature  control 
to  about  2  C  could  be  maintained. 

This  apparatus  allows  independent  control  of  the  static  and  dynamic  force 
amplitudes  thereby  maintaining  a  positive  (non  buckling)  force  on  the  fiber  at  all  tempera¬ 
tures.  Dynamic  modulus  measurements  were  made  over  a  frequency  range  of  0.1  to  25  Hz. 
The  major  advantage  of  complex  dynamic  measurements  over  creep  is  the  high  sensitivity 
with  which  small  levels  of  anelastic  behavior  can  be  detected  in  relatively  short  times.  Thus, 
these  measurements  are  an  exceedingly  useful  complement  to  the  creep  results,  especially  at 
short  timescales  (less  than  1  sec.)  for  which  creep  results  are  subject  to  large  errors  due  to  the 
precise  loading  history  (which  is  never  a  perfect  step  function). 

A  new  algorithm  has  been  developed  which  provides  a  computational  procedure  by  which 
the  modulus  data  obtained  at  various  temperatures  can  be  deconvoiuted  to  obtain  the  thermal 
gradient  corrected  modulus  data.  In  other  words,  it  is  possible  to  calculate  the  isothermal 
gage  length  data  from  the  parabolic  profile  data.  Corrected  data  are  presented  below. 


Three  different  fiber  loading  histories  were  used  in  the  dynamic  modulus  measurements,  as 
follows: 


( 1)  Room  Temperature  Loading  History  (RTH)  for  which  a  static  load  of  300  MPa  was 
applied  to  the  sample  at  room  temperature,  the  temperature  was  ramped  to  each  value  and 
held  for  10  minutes  and  the  dynamic  load  then  applied.  A  single  sample  was  therefore  tested 
at  many  temperatures.  Two  dynamic  load  amplitudes,  180  and  244  MPa  were  used  and  tests 
above  1400  C  were  conducted  for  30  min.  to  check  for  time  dependence  of  the  dynamic 
results. 

(2)  Simultaneous  Loading  History  (SH)  for  which  a  sample  was  tested  at  a  single  tempera¬ 
ture.  The  unloaded  sample  was  brought  to  the  desired  temperature  and  held  for  10  min.  after 
which  the  static  load  of  300  MPa  and  the  dynamic  load  (from  1 10  to  300  MPa)  were  applied 
simultaneously.  Data  were  collected  for  a  period  of  1  hr.  to  determine  time  dependence. 

(3)  Precreep  History  (PCH)  for  which  the  unloaded  sample  was  brought  to  the  desired  test 
temperature  and  held  for  30  min  after  which  the  static  load  of  300  MPa  was  applied  for 
another  30  min  before  dynamic  testing.  Time  dependence  of  the  dynamic  results  were 
checked  for  30  min  at  various  frequencies  and  amplitudes.  This  history  effectively  gave 
minimal  creep  during  the  dynamic  testing. 

4.  RESULTS  AND  DISCUSSION 

Due  to  space  limitations,  a  synopsis  of  the  experimental  results  will  be  presented  here.  The 
in  phase  (or  storage  or  real)  component  of  the  dynamic  modulus  is  a  measure  of  the  elastic 
behavior  of  the  fiber,  whereas  the  out  of  phase  (or  imaginary  or  loss)  component  is  a  measure 
of  the  viscous  response.  Results  from  the  RTH  for  the  real  component  of  the  modulus  (E') 
are  shown  in  Fig  1  where  both  the  measured  and  temperature  gradient  corrected  values  are 
shown  at  both  1  and  10  Hz,  all  relative  to  the  room  temperature  value  (which  we  determined 
dynamically  to  be  374  GPa).  As  expected,  the  10  Hz  values  are  slightly  higher  than  the  1  Hz 
values  at  temperatures  greater  than  1 100  C,  and  indistinguishable  below  that  The  tempera¬ 
ture  corrected  values  exhibit  a  marked  increase  in  temperature  dependence  above  about  1 100 
C,  with  the  value  of  modulus  at  1600  C  falling  to  about  70  %  of  its  room  temperature  value. 

Room  temperature  normalized,  temperature  gradient  corrected  values  of  E'  for  all  three 
loading  histories  are  shown  in  Fig  2.  Clearly,  insofar  as  the  real  modulus  is  concerned  there 
is  effectively  no  dependence  on  the  particular  loading  history.  However,  it  should  be  noted 
that  the  SH  results  represent  the  terminal  data,  that  is,  the  results  obtained  after  1  h. 


The  imaginary,  or  loss,  component  of  the  modulus.  E”,  is  shown  in  Fig  3  for  the  RTH  at  10 
Hz.  Once  again,  it  is  apparent  that  the  temperature  gradient  con-ecuon  is  quite  significant.  It 
is  noteworthy  that  there  is  a  smooth  and  continuous  increase  in  loss  modulus  which  begins 
below  1200  C,  and  not  relatively  abruptly  at  1400  C  as  we  might  of  expected  if  the  melting 
of  excess  Si  at  grain  boundaries  was  responsible  for  the  loss  mechanism.  Results  for  the  loss 
modulus  obtained  from  all  three  loading  histories  are  shown  in  Fig  4,  where  it  is  seen  that  the 
RTH  gives  the  highest  values  of  loss,  suggestive  of  the  most  damage  among  the  three  histo¬ 
ries.  The  PCH  gives  the  lowest  loss  at  temperatures  above  1350  C,  which  suggests  that  the 
creep  prior  to  dynamic  testing  may  result  in  some  strain  hardening  and  a  loss  of  internal 
mobility. 

Additional  tests  and  histories  are  required  to  determine  the  mechanism(s)  responsible  for  the 
softening  of  the  real  modulus  and  onset  of  the  loss  modulus  both  at  about  1 100  C  and  higher. 
However,  it  seems  clear  that  the  melting  of  excess  Si  is  not  the  rate  controlling  process  for 
dynamic  loads,  and  some  other  mechanism  must  be  sought. 

Activation  energies  for  whatever  mechanisms  are  responsible  for  the  energy  dissipation 

associated  with  the  loss  moduli  are  obtained  by  plotting  the  log  of  E’Vco  (where  co  is  the 
frequency  in  rad/s)  vs.  reciprocal  absolute  temperature.  These  plots  yielded  straight  lines,  the 

slopes  of  which  are  used  to  compute  the  activation  energy.  The  ratio  E”/co  is  often  referred 
to  as  the  real  component  of  the  dynamic  viscosity.  The  results  are  frequency  and  history 

dependent  as  follows:  for  the  RTH,  the  activation  energies  range  from  140  KJ/mol  at  0.4  Hz 
to  124  KJ/mol  at  10  Hz;  for  the  PCH.  185  KJ/mol  at  0.1  Hz  to  134  KJ/mol  at  10  Hz.  The 
activation  energy  for  dislocation  controlled  creep  in  SiC  at  a  stress  of  182  MPa  and  tempera¬ 
tures  above  1400  C  has  been  determined  by  Carter  and  Davis  to  be  176  KJ/mol  (7).  This 
value  is  intended  only  as  one  example  for  a  possible  loss  mechanism,  namely  dislocation 
motion. 

The  dynamic  moduli  results  emphasize  short  relaxation  time  behavior.  The  longer  relaxation 
time  mechanisms  are  conveniently  studied  using  creep  histories.  A  600,000  s  creep  curve 
obtained  at  1200  C  and  400  MPa  is  shown  in  Fig  5  which  presents  only  the  anelastic  compo¬ 
nent  of  the  creep  strain  (the  immediate  elastic  deformation  has  been  subtracted  from  the  total 
creep  strain).  This  creep  curve  is  misleading  in  that  it  is  not  at  all  obvious  as  to  whether  or 
not  the  creep  process  will  eventually  terminate.  The  same  data  are  shown  in  Fig  6  using  log 
cooordinates  and  indicate  the  beginning  of  a  slight  reduction  in  creep  rate  at  long  times.  The 
necessity  for  obtaining  extended  creep  time  data  on  the  SiC  fibers  is  evident  What  is  most 
striking  about  these  results  and  the  dynamic  data  is  that  the  anelastic  processes  appear  to 
cover  a  range  of  timescales  in  excess  of  7  decades  (from  10  Hz  or  0.016  s/rad  to  600,000  s). 
A  log  creep  curve  at  1450  C  and  500  MPa  is  shown  in  Fig  7,  which  should  be  compared  to 
Fig  6.  Note  that  the  same  level  of  anelastic  creep  is  achieved  in  about  1/100  of  the  time  at 


1450  C. 


Creep  and  creep  recovery  data  at  temperatures  to  1500  C  and  with  several  stress  levels  have 
been  obtained,  but  detailed  presentation  is  beyond  the  scope  of  the  present  paper.  Some  of 
our  conclusions  are  as  follows: 

( 1)  Below  1 150  C  and  for  stress  levels  below  200  MPa,  there  is  no  detectable  creep.  The 
occurrence  of  a  threshold  stress  for  creep  may  be  due  to  residual  thermal  stresses  in  the 
composite  fibers.  A  model  for  these  thermal  stresses  has  been  formulated. 

(2)  Creep  occurring  below  1400  C  is  completely  recoverable  as  demonstrated  by  elevated 
creep  recovery  experiments  and  multiple  cycle  creep  tests.  A  model  has  been  formulated  for 
the  composite  fiber  creep  behavior  which  assumes  that  the  carbon  core  behaves  elastically 
while  the  SiC  sheath  is  anelastic  and/or  inelastic.  This  model  predicts  that,  even  for  inelastic 
SiC  behavior,  the  fiber  will  behave  anelasdcally  due  to  the  backstress  imposed  by  the  elastic 
carbon  core.  While  the  consequences  of  this  model  are  currently  under  investigation,  it  is 
clear  that  the  creep  behavior  of  Avco  SCS-6  and  similar  composite  fibers  requires  additional 
analysis  and  interpretation. 

(3)  The  reversible  shrinkage  of  Avco  SCS-6  fibers  at  ca.  1400  C  (we  measure  1375  C)  may 
be  due  to  the  combined  effects  of  the  melting  of  free  silicon  and  the  residual  fabrication 
thermal  stresses.  However,  free  silicon  melting  cannot  account  for  the  dynamic  loss  modulus 
and  creep  behavior  observed  at  1200  C. 

(4)  The  combined  dynamic  and  creep  data  suggest  that  several  deformation  mechanisms  may 
be  active  in  these  fibers  and  additional  structural  and  modeling  studies  are  required  to  fully 
understand  these  processes. 
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Figure  1.  Comparison  of  the  measured  and  temperature  gradient  corrected  values  for  in- 
phase  (real)  modulus  at  1  Ha  and  10  Hz  for  the  room  temperature  loading  history.  Moduli 
are  normalized  by  the  room  temperature  value. 
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Figure  2.  Comparison  of  temperature  corrected  in-phase  moduli  at  1  Hz  for  the  three  loading 
histories  studied. 


Figure  3.  Comparison  of  the  measured  and  temperature  corrected  values  for  out-of-phase 
(loss)  modulus  at  10  Hz  for  the  room  temperature  loading  history. 
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Figure  4.  Comparison  of  the  temperature  corrected  out-of-phase  moduli  at  l  Hz  for  the  three 
loading  histories. 
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Figure  5.  Typical  creep  curve  showing  ihe  anelastic  component  of  strain  vs.  time  for  a  stress 
of  400  MPa  and  temperature  of  1200  C  with  an  Argon  atmosphere. 
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14S0  C  with  an  Argon  atmosphere. 
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Carbon/Graphite  Fibers 


Russell  J.  Diefendorf,  Rensselaer  Polytechnic  Institute 


THE  ELEMENT  CARBON  has  two  low- 
density  allotropes.  graphite  and  diamond,  both 
of  which  have  strong  covalent  bonding  between 
the  carton  atoms.  Graphite  has  a  hexagonal 
ameture  in  which  the  strong  sp:  bonding  in  the 
hexagonal-layer  planes  generates  the  highest 
absolute  modulus,  highest  specific  modulus 
>  modulus/density).  and  highest  theoretical  ten¬ 
sile  strength  of  all  known  matenals  (see  Tables 
1  and  2).  However,  the  weak,  dispersive  bond¬ 
ing  between  planes  produces  a  low  shear  mod¬ 
ulus  and  cross-plane  Young  's  modulus  (hat  is 
detn mental  to  fiber  properties  (Ref  2).  Dia¬ 
mond.  with  a  cubic  crystallographic  structure, 
possesses  the  next  highest  absolute  and  specific 
modulus  and  does  not  suffer  from  a  low  shear 
modulus,  as  does  graphite  (Ref  3).  Diamond  or 
dumondlike  carbon  fibers  have  not  yet  been 
made,  but  could  have  great  applicability,  espe¬ 
cially  for  compressively  loaded  structures. 

This  article  deals  with  carbon  and  graphite 
fibers  that  are  based  on  the  graphene-  (hex¬ 
agonal- 1  layer  networks  present  in  graphite 
Graphene  is  the  accepted  term  used  by  the 
International  Committee  for  the  Charactenza- 
uon  and  Terminology  of  Carbon.  If  these 
J^Phene-layer  planes  stack  with  three-di¬ 
mensional  order,  the  material  is  defined  as 
P*Phite  (Ref  4).  Because  the  bonding  between 
ptanes  is  weak,  disorder  frequently  occurs  as 
rotation  and/or  translation  such  that  only  the 
'wo-dimensional  ordering  in  the  layers  is 
JreiCT<  This  material  is  defined  as  carbon  (Ref 
1  earlier  literature,  two-dime nsionaJIv  or- 
*Te<*  Mtuctures  were  referred  to  as  turbos tratic 


graphite.  Historical  usage  continues,  and  the 
term  graphite  fibers  often  is  applied,  improp¬ 
erly.  to  carbon  fibers,  which  only  have  two- 
dimensional  ordering. 

Carbon  and  graphite  fibers  offer  the  highest 
modulus  and  highest  strength  of  all  reinforcing 
fibers  The  fibers  do  not  suffer  from  stress 
corrosion  or  stress  rupture  failures  at  room 
temperature,  as  glass  and  organic  polymer  fi¬ 
bers  do.  At  high  temperatures,  the  strength  and 
modulus  are  outstanding  compared  to  other 
matenals.  Finally,  aggressive  development  of 
new  processes  promises  significant  improve¬ 
ments  in  the  performance/cost  ratio. 

Carbon  Ptbor  Protoaama 

Carbon  fibers  have  been  made  madvenently 
from  natural  cellulosic  fibers  such  as  cotton  or 
linen  for  thousands  of  years.  However,  it  was 
Thomas  Edison  who.  in  1878.  purposely  took 
cotton  fibers  and  later,  bamboo,  and  convened 
them  into  carbon  in  his  quest  for  incandescent 
lamp  filaments  (Ref  3).  Interest  in  carbon  fibers 
was  renewed  in  the  late  1930s  when  syntheuc 
rayons  in  textile  forms  were  carbonized  to 
produce  carbon  fibers  for  high-temperature 


missile  applications  (Ref  6-8)  All  these  fibers 
had  low  elastic  moduli  (£50  GPa.  or  7  x  io6 
psi). 

All  continuous  carbon  fibers  produced  to 
date  have  started  with  organic  precursors  that 
were  subsequently  converted  to  carbon  fibers 
Discontinuous  carbon  whiskers  have  been 
produced  by  vapor-hquid-solid  (VLS)  growth 
from  an  iron  catalyst  and  a  hydrocarbon  gas 
(Ref  9.  10).  High-modulus  carbon  fibers 
(2200  GPa.  or  30  x  IO6  psi)  require  that 
the  stiff  graphene  layers  be  aligned  approxi¬ 
mately  parallel  to  the  fiber  axis.  (The  low 
shear  modulus  between  the  planes  signifi¬ 
cantly  decreases  fiber  stiffness  for  off-axis 
layers.)  Commercial  processes  develop  this 
orientation  by  plastic  deformation.  This  pre¬ 
ferred  orientation,  which  can  be  introduced  in 
the  precursor  fibers,  will  be  at  least  partially 
preserved  upon  conversion  to  carbon  (Ref 
11-14)  and  also  may  be  introduced  into  the 
carbon  fiber  by  high-temperature  deformation 
(Ref  15.  16). 

Three  different  precursor  materials  are  used 
at  present  to  produce  carbon  fibers:  rayon, 
polyacrylonitrile  (PAN),  and  isotropic  and  liq¬ 
uid  crystalline  pitches.  Rayon  and  isotropic 


Table  1  Theoretical  properties  of  graphite  and  diamond 
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pitch  precursors  are  used  to  produce  low- 
modulus  carbon  fibers  <S50  GPa.  or  7  x  10® 
psn  (Ref  6.  16-19).  Both  rayon-based  and 
isotropic  pitch-based  carbon  fibers  can  be 
strained  at  high  temperature  to  increase  fiber 
modulus  but  this  process  is  not  used  commer¬ 
cially  at  present  (Ref  IS.  16)  Higher  modulus 
carbon  fibers  (2:200  GPa.  or  30  x  10®  psn  are 
made  from  PAN  or  liquid  crystalline  (me- 
sophasei  pitch  precursors  ( Fig.  1)  In  both 
cases,  an  oriented  precursor  fiber  is  spun, 
slightly  oxidized  to  thermoset  the  fibers,  and 
carbonized  to  temperatures  above  800  °C  <  1400 
°F)  to  produce  a  carbon  fiber  t Ref  11-14.  20) 
The  fiber  modulus  increases  with  heat  treatment 
to  temperatures  from  1000  to  3000  °C  <  1830  to 
5430  *F(.  although  not  uniformly  with  temper¬ 


ature.  The  exact  relation  depends  on  the  pre¬ 
cursor  (Ref  2.  21).  Fiber  strength  usually  max¬ 
imizes  at  an  intermediate  temperature  ( 1500  *C. 
or  2730  °F)  for  PAN  and  some  pitch  precursor 
fibers,  but  continuously  increases  for  most 
mesophase  pitch  precursor  fibers  (Ref  2.  21). 


Carbon  Flbor 
Mierastrvcturas 

The  axial  preferred  orientation  of  the  graph¬ 
ene  layers  determines  the  modulus  of  the  fiber, 
while  both  axial  and  radial  textures,  as  well  as 
flaws,  affect  fiber  strength.  The  onenunon  of 
the  graphene  layers  at  the  fiber  surface  affects 
wetting  and  (he  strength  of  the  intertacial  bond 
to  the  matrix  The  following  sections  describe 
axial  and  radial  textures,  illustrate  a  model  of  a 
three-dimensional  carbon  fiber,  and  describe 
the  consequences  of  these  microstructures  on 
fiber  performance. 

Axial  Structure.  An  overall  measure  of 
preferred  orientation  of  graphene  planes  with 
respect  to  the  fiber  axis  is  obtained  by  x-ray 
diffraction  (Ref  22).  The  full  width  at  half 
maximum  of  the  graphene-laver  diffraction 
(0002)  is  useful  for  describing  preferred  orien¬ 
tation.  The  effect  of  heat  treatment  temperature 
on  the  preferred  orientation  of  PAN  and  me¬ 
sophase  pitch-based  carbon  fibers  is  shown  in 
Fig.  2  The  trend  for  PAN  is  similar  to  that  for 
mesophase  pitch,  but  the  curve  is  shifted  about 
400  °C  ( 750  *Fi  higher  The  relation  between 
preferred  orientation  and  fiber  modulus  for  the 
mesophase  pitch-based  fiber  is  illustrated  in 
Fig.  3  For  a  carbon  fiber  with  a  modulus  of 
220  GPa  (30  *  10®  psn.  about  two-thirds  of 
the  graphene  layers  are  aligned  within  about  15° 
of  the  fiber  axis  Correspondingly,  the  orienta¬ 
tion  improves  for  a  400-GPa  (60  x  IO®-psit 
fiber  such  that  two-thirds  of  the  layers  fall 
within  about  6°  of  the  fiber  axis  A  PAN-based 
fiber  shows  similar  behavior,  except  that  it  is 
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A  The  undufotmg  ribbon  ttructure  of  the 
r,“°  **  graphene  layer*  for  a  PAN-bated  carbon 
fiber  with  o  400  GPo  (60  x  10*  pti)  moduhi*.  The 
nbbano  at  the  wrface  hare  lower  amplitude  than  m  m* 
care.  There  are  about  30  graphene  layer*  m  the  nbbont 
in  the  core  and  about  30  near  the  turtace. 


more  difficult  to  obtain  preferred  orientations 
below  10°  and  a  modulus  greater  than  400  GPa 
(60  x  10®  psi).  whereas  at  least  one  meso¬ 
phase  pitch-based  fiber  has  a  modulus  of  827 
GPa  (120  x  10®  psi).  Transmission  electron 
microscopy  (TEM)  has  revealed,  at  lattice  res¬ 
olution.  that  the  structure  looks  like  wrinkled 
ribbons  (Ref  23-25).  as  shown  in  Fig  4 
Lower-resolution  TEM  shows  that  for  pitch- 
based  fibers  of  220  GPa  (30  x  10°  psn. 
ribbons  are  typically  about  16  layer  planes 
thick,  essentially  continuous,  and  parallel  to  the 
fiber  axis  (Ref  26-30)  The  amplitude  of  the 
undulation  is  greater  than  the  wavelength  As 
modulus  is  increased,  the  nbbons  thicken  and 
the  amplitude  of  the  undulation  decreases 
Redial  Structure.  Radial  lextunng  in¬ 
creases  with  axial  preferred  orientation  In  con¬ 
trast  to  axial  structure,  radial  structure  depends 
substantially  on  precursor  type  and  processing 
(Ref  23.  26-30)  Mesophase  pitch-based  fibers 
can  have  the  graphene  planes  showing  radial. 
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onion-skin.  or  highly  comoned  planes  wuh  no 
overall  transverse  preferred  onemation  <  Ref 
'll  However,  most  commercial  pitch-based 
fibers  have  a  radial  preferred  onemation  PAN- 
based  fibers  can  have  contorted  graphene 
planes,  or  onion-skin  structures.  Low-modulus 
PAN-based  fibers  (£350 GPa.  or  50  *  10°  psi) 
now  have  a  highly  comoned  transverse  graph¬ 
ene-layer  structure:  higher-modulus  fibers  have 
a  thin,  highly  onented.  onion-skin  surface  laver 
50iol00  x  10”'*  m  1 1950 to  3950  x  10“' in.) 
thick  about  a  randomly  onented.  contoned 
laver  core  (Ref  32). 

Three-Dimensional  Structure.  A  sche¬ 
matic  model  of  a  400-GPa  (60  x  IO*-psi) 
PAN-based  fiber  is  shown  in  three  dimensions 
m  Fig  5  The  axial  onemation  is  higher  at  the 
'uriace  than  in  the  core  The  nbbons  are  ran¬ 
domly.  radially  onented  in  the  core,  with  an 
onion-skin  onemation  at  the  fiber  surface.  A 
gradient  in  axial  preferred  onemation  from  skin 
10  core  produces  a  compressive  axial  stress  at 
the  surface  alter  cool-down  from  processing 
temperature'  This  stress  makes  the  fiber  tnsen- 
'itive  10  sunace  abrasion.  Lower-modulus  fi¬ 
bers  jo  not  have  the  preferred  onemation  gra¬ 
dient  and  beneficial  residual  stress 

Consequences  of  Structure  on  Prop¬ 
erties.  The  increase  in  radial  texture  with 
increasing  fiber  modulus  has  some  deletenous 
sonsequences  (Ref  33 1  First,  the  onion  skin 
mm  develops  on  the  surface  of  a  higher- 
modulus  PAN-based  fiber  gives  poor  bonding 
10  ,he  matrix  The  essentially  basal  plane  char¬ 


acter  of  very  high  modulus  fibers  is  difficult  to 
wet.  As  the  fiber  modulus  increases,  the  surface 
becomes  smoother,  thereby  decreasing  me¬ 
chanical  interlocking,  and  the  highly  onented 
surface  layer  becomes  weak  in  shear.  Second, 
microcracking  occurs  wuh  the  fiber  upon  cool¬ 
down  from  the  processing  temperature  because 
of  the  anisotropy  of  thermal  expansion  both 
parallel  and  perpendicular  to  the  graphene 
planes.  The  fracture  surface  of  the  fibers  be¬ 
comes  rougher,  especially  when  a  strong  radial 
texture  develops,  because  microcracking  causes 
decoupling  between  the  undulating  nbbons. 
Also,  the  fiber  strength  decreases.  For  high- 
modulus  PAN-based  fibers  (2400  GPa.  or  60 
x  106  psi).  the  onion-skin  structure  and  the 
axial  gradient  in  preferred  onentauon  place  the 
fiber  surface  in  axial  and  hoop  compression  and 
in  radial  tension,  upon  cool-down.  These  com¬ 
pressive  surface  stresses  and  the  onion-skin 
microstructure  protect  the  fiber  from  strength 
degradation  due  to  surface  abrasion.  Other 
fibers  are  sensitive  to  surface  abrasion.  Finally, 
as  better  onemation  develops,  the  interaction  or 
tangling  between  nbbons  decreases,  and  the 
shear  modulus  drops,  making  the  fiber  suscep¬ 
tible  to  compressive  microbuckiing  at  low  com¬ 
pressive  loads.  Very  highly  onented  carbon  and 
organic  fibers  both  suffer  from  this  problem. 

Fiber  Properties.  Commercially  available 
high-modulus  carbon  fibers  are  available  from  a 
number  of  manufacturers  in  an  array  of  yams 
and  tows  with  diffenng  moduli,  strengths, 
cross-sectional  areas  and  shapes,  twists,  plies, 
and  number  of  fiber  ends.  They  may  be  pur¬ 
chased  in  continuous  lengths,  or  chopped  to 
dimension.  The  diversity  of  physical  propemes 
is  one  of  the  benefits  of  carbon  fibers,  but  is 
also  a  problem  because  complete  evaluation  is 
expensive.  Certain  generalizations  can  be  made 
about  the  types  of  fibers  available.  First,  fibers 
produced  from  mesophase  pitch-based  and 
PAN-based  fibers  have  quite  different  combi¬ 
nations  of  properties  and.  hence,  applications. 
At  present,  they  cannot  be  considered  inter¬ 
changeable.  Second,  there  are  generally  four 
classes  of  carbon  fiber,  based  on  moduli:  low. 
intermediate,  high,  or  ultrahigh.  Unfortunately. 


these  categories  are  not  like  the  specifications 
for  alloys.  Although  fibers  made  by.  different 
manufacturers  may  be  similar,  they  may  not 
behave  identically  in  all  respects.  Subtle  differ¬ 
ences  in  precursor  types  and  carbon  fiber  pro¬ 
cesses  can  significantly  affect  the  behavior  of 
the  carbon  fiber  in  a  composite.  Moreover, 
improvements  in  fibers  from  different  manufac¬ 
turers  have  tended  to  splinter  the  categories. 
Third,  the  fiber  selections  that  make  up  a 
particular  manufacturer  s  grade,  but  have  dif¬ 
ferent  numbers  of  fibers,  are  usually,  but  not 
always,  based  on  the  same  precursor  In  addi¬ 
tion.  while  the  fibers  may  be  considered  to  have 
the  same  properties,  the  fiber  count  or  twist 
may  affect  composite  propemes  Finally,  be¬ 
cause  it  is  not  realisuc  to  list  all  the  different 
manufacturers'  fiber  properties,  general  prop¬ 
emes  for  each  major  category  of  carbon  fibers 
are  presented  m  Tables  2  to  4. 

Bulk  Properties.  The  carbon  content  of  low- 
modulus  PAN-based  carbon  fibers  ( £300  GPa 
or  45  x  1 06  psi)  is  significantly  below  100% 
because  of  retained  nitrogen.  High-modulu 
PAN-,  ravon-.  and  pitch-based  carbon  fibers 
are  essentially  100%  carbon. 

The  density  of  catbon  fibers,  which  increases 
with  increasing  modulus,  vanes  from  80  to 
94%  and  86  to  100%  of  theoretical  for  PAN- 
and  pitch-based  fibers,  respectively.  The  frac¬ 
tional  density  for  ravon-based  fibers  is  about 
68%  and  increases  to  as  high  as  94%  for 
higher-modulus  fibers. 

Finally,  the  diameters  of  present  reinforce¬ 
ment  grade  carbon  fibers  are  in  the  range  of  4  to 
10  jim  (160  to  390  tun. )  The  trend  has  beer 
toward  smaller  fiber  diameters  to  attain  im 
proved  tensile  strength  and  processing  speeds. 
However,  the  compressive  and  transverse  prop¬ 
emes  of  composites  made  witn  smaller-diame- 
ter  fibers  do  not  increase  proportionally  with 
tensile  propemes.  and  can  contribute  to  failure 
in  compression  caused  by  buckling  at  lower 
loads. 

Axial  Properties.  Of  the  commercially  avail¬ 
able  carbon  fibers,  those  made  from  PAN 
precursor  provide  the  highest  strain  at  failure, 
but  only  at  lower  moduli  (£300  GPa.  or  45  x 


T"bU  3  Propertius  of  carbon  fibers:  mesophase  pitch  precursor  fibers 
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Table  4  Properties  of  carbon  fibers:  low-modulus  rayon  and  isotropic 
pitch  precursor  fibers 
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10*'  psn.  in  general,  at  least  1.5*  strain  at  size,  and  punty  (Ref  40).  All  three  tncrease 

failure  is  required  for  secondary  composite  with  increasing  heat  treatment  temperatures, 

structure  and  2*  or  better  for  primary  structure  Thermal  conductivity  can  equal  or  exceed  that 
The  newer  PAN  precursor  grades  of  carbon  of  copper  in  the  very  high  modulus,  commer- 

fiber  achieve  2*  strain  at  failure  and  can  ciallv  available  pitch-based  fibers.  Thermal 

provide  slightly  higher  stiffness  as  well  The  conductivities  that  are  several  times  higher 

newer  grades  also  provide  much  higher  strength  have  been  made  in  the  laboratory  and  should 

and  specific  strength,  which  is  attractive  for  become  available  in  the  future.  The  electrical 

nonstiffness-cntical  structures  such  as  pressure  conductivity  of  carbon  fibers  vanes  with 

vessels.  The  advantages  of  mesophase  pitch-  precursor  type  and  heat  treatment  temperature, 

based  fibers  are  that  they  can  be  made  in  and  is  '/«>  or  less  that  of  copper  for  commercial 

uitrahigh-modulus  grades  (2600 GPa.  or  90  x  230-GPa  (35  x  l0*-psi)  fibers  (Fig.  6).  The 

106  psn.  which  are  desirable  for  stiffness-  fiber  precursor  is  important  for  low  heat 
cntical  but  lightly  loaded  structures  treatment  temperature,  but  to  a  lesser  extent  for 

Carbon  fibers  increase  in  modulus  by  about  high-temperature  heat  treatment  The  relatively 

10*  when  highly  loaded  (Ref  34)  However,  high  conductivity  of  carbon  fibers  can  cause 

the  fibers  show  complete  elastic  recovery  upon  electncal  failures.  Free-floating  carbon  fibers, 

unloading  (Ref  35)  and  do  not  appear  to  de-  which  could  be  produced  dunng  composite 

grade  because  of  mechanical  fatigue  or  show  manufacture,  can  be  a  problem  in  shorting  out 

stress  rupture  at  temperatures  below  2000  °C  electncal  equipment,  and  must  be  protected 

(3650  °F).  as  glass  or  aramid  fibers  do  at  or  against 

near  room  temperature  (Ref  36-38).  High-  Transverse  Properties.  While  property  mea- 
temperature  mechanical  properties  depend  on  surements  parallel  to  the  fiber  axis  are  easy  to 
the  maximum  heat  treatment  temperature  and  make,  transverse  property  measurements  on  an 
the  inherent  mechanical  properties  of  graphite  8-u.m  (315-u.in.)  fiber  are  nearly  impossible 
Measurements  performed  above  the  heat  treat-  Values  ut  Table  2  were  denved  from  composite 

ment  temperature  of  the  fiber  will  cause  measurements  and  theory  (Ref  41 .  42)  As  can 

changes  in  microstructure  and  properties  The  be  seen,  the  fibers  are  anisotropic  with  a  reia- 

moduli  and  strength  of  carbon  fibers  are  essen-  lively  low  transverse  modulus  and  a  positive 

tially  constant  up  to  temperatures  of  1000  °C  transverse  CTE 

1 1830  °Fi  for  fibers  given  a  higher  heat  treat¬ 
ment  temperature  There  is  a  drop  of  about  Imfarfasmlasl  Bam  all  mas 
30*  in  modulus  at  1900  “C  (3450  °F)  Above  BOHtHHg 

2200  °C  ( 3990  °P).  creep  becomes  appreciable  Carbon  fibers  are  not  wet  by  molten  metals 
(Ref  39)  and  are  difficult  to  wet  with  resins,  especially 

The  coefficients  of  thermal  expansion  the  higher-modulus  fibers  (Ref  43.  44) 

(CTEsi  are  slightly  negative  and  become  more  Surface  treatments,  which  increase  the  number 

negative  with  increasing  modulus.  This  con-  of  active  chemical  groups  and  sometimes 

traction,  which  is  due  to  layer  bending,  can  be  roughen  the  fiber  surface,  have  been  developed 

combined  with  the  positive  coefficient  of  the  for  the  more  mature  resin  matrix  composites, 

matnx  to  produce  a  material  with  a  near-zero  Carbon  fibers  are  commonly  shipped  with  an 

CTE  over  a  temperature  range  of  several  hun-  epoxy  size,  which  usually  prevents  fiber 

dred  degrees  At  higher  temperatures.  t>700  abrasion,  improves  handling,  and  provides  an 

’C.  or  1290  *F).  the  CTE  for  all  carbon  fibers  is  epoxy  matnx  compatible  interface.  Special 

positive  Zero-CTE  metal  matnx  composites  surface  treatments  and  sizes  have  been  devel- 

require  the  more  negative  CTE  and  very  high  oped  for  other  resins,  especially  polvtmides 

modulus  fibers  <2650  GPa.  or  95  x  |0*  psi >  and  thermoplastics,  and  should  be  specified 

that  are  only  available  in  mesophase  pitch-  Fiber  and  matnx  mterfacial  bond  strengths 

based  carbon  fibers  Both  high-modulus  PAN-  approach  the  strength  of  the  neat  matnx  resin 

or  pitch-based  fibers  can  be  used  with  zero-  for  lower-modulus  carbon  fibers  (Ref  45) 

CTE  resin  matnx  composites  because  of  the  Higher-modulus  PAN-based  fibers  (2400  GPa. 

lower  matnx  modulus  or  60  x  10“  psn  show  substantially  lower 

Thermal  conductivity  and  electncal  resistiv-  mterfacial  bond  strengths  (Ref  45)  Failure  in 
uy  depend  on  preferred  onentation.  crystallite  high-modulus  fiber  occurs  in  its  surface  layer. 
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in  much  the  same  way  failure  occurs  within  the 
fiber  for  aramids  (Ref  46). 

Kmrirommmntal 

Intmrattlon 

Carbon  fibers  are  not  affected  by  moisture, 
atmosphere,  solvents,  bases,  and  weak  acids  at 
room  temperature  (Ref  47).  However,  oxida¬ 
tion  becomes  a  problem  at  elevated  tempera¬ 
ture.  For  low-modulus  PAN-based  fibers  and 
high-modulus  PAN-  or  pitch-based  fibers,  the 
threshold  for  oxidation  for  extended  operating 
times  is  350  °C  (660  °F)  and  450  °C  (840  °Fi. 
respectively  (Ref  48).  Oxidation  is  catalytic  at 
these  low  temperatures,  and  somewhat  im¬ 
proved  oxidation  resistance  can  be  expected 
with  higher-punty  fibers  and  resins  in  the 
future  (Ref  49) 

Carbon  fibers  react  with  molten  aluminum 
and  titanium  and  must  be  protected  by  a  barrier 
coating  (Ref  50)  While  carbon  does  not  react 
with  nickel,  a  small  amount  of  solution 
dissolution  can  occur  (even  in  the  solid  state), 
which  degrades  the  fibers  (Ref  5 1  -53 >  Reac¬ 
tions  occur  with  most  oxides  in  the  1200  to 
1500  *C  (2190  to  2730  °F)  range,  and  in  the 
1600  to  1700  °C  (2910  to  3090  *F)  range  for 
zircoma  <ZrO-(.  hafma  iHfO:).  and  thona 
<ThO;)  (Ref  54) 
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Introduction 

Single  fiber  testing  results  in  much  scatter,  especially 
in  strength.  Many  factors  affect  strength.  For  example, 
internal  flaws  occurring  within  the  gauge  length  may  cause 
the  strength  to  decrease^],  and  neglecting  the  compliance 
due  to  the  test  machine  will  produce  a  lower  modulus  value. 
However,  the  precision  of  the  strength  and  modulus  meas¬ 
urements  u  mainly  determined  by  the  precision  of  the  cross- 
sectional  area  measurement.  Difficulties  arise  because  of  the 
tiny  cross-section  and  also  since  not  all  the  fiben  have 
circular  shape  cress-section.  T-300  fiber  is  a  typical  ex¬ 
ample  with  irregular  cress-section. 

There  are  three  methods  used  so  estimate  the  cress- 
section  of  the  fiben :  (1)  optical  microscopy,  (2)  electron 
microscopy,  and  (3)  laser  diffraction.  Although  microscopy 
is  more  suitable  far  complex  cross-sections,  the  later  dif¬ 
fraction  technique  has  better  resolution^]  and  is  a  much 
faster  and  better  method  for  routine  measurements  of  onsa- 
sccuocs  without  negative  curvature.  The  measurement  er¬ 
rors  are  analyzed  for  a  non-circular  crosi-aection  based  on 
an  elliptical  cross-section.  Laser  diffraction  patterns  for 
carbon  and  tungsten  fibers  are  presented. 

MntUI  irf  Annlvafa 

Chen  and  Diefendorf[3]  suggested  a  polygon  method 
for  the  calculation  of  the  crosa-aectional  area  of  relatively 
circular  fibers  and  found  that  five  measurementsf  measured 
every  36  degrees)  have  minimum  error.  Using  the  polygon 
method  and  baaed  on  an  elliptical  cross-section,  the  errors 
are  analyzed  for  different  number  of  measurements  made  at 
equally  spaced  intervals. 

The  angle  theta  in  the  figures  1-3  represents  the  angle 
between  long  axis  of  the  ellipse  and  the  direction  perpen¬ 
dicular  to  the  laser  beam.  The  errors  for  1, 2, 3, 4,  and  3 
measurements  are  shown  in  figures  1-3.  For  one  measure¬ 
ment  which  many  people  use,  a  30%  maximum  error  could 
occur  when  the  ellipodty  equals  1.3.  In  general,  the  larger 
the  ellipticity,  the  worse  the  errors.  From  the  results  we  can 
see  that  for  1  and  2(onhogonal)  measurements,  the  errors  are 
affected  largely  by  angle  theta  ,  but  for  3  measurements 
made  at  equal  angular  intervals  around  a  fiber,  the  errors  are 
almost  independent  of  theta  for  jrt|<  4.  From  the  compari¬ 
son  of  errors  shown  in  fig.  6,  we  see  that  for  1  <p^q<2,3 
measurements  are  best  with  a  minimum  errorf^))  at  p/q  • 
1.3.  This  is  the  range  of  p/q  most  often  observed.  For  p/q  ■ 
1  (circular),  the  values  of  3  measurements  wilt  be  equal,  and 
the  polygon  approximation  yields  an  error  of  -6% .  From 
fig.  6  we  also  find  that  for  2  <  p/q  <  3, 3  measurements  at 


equal  angular  intervals  have  smaller  errors,  and  the  errors 
ere  also  independent  of  angle  theta .  For  p/<j  >  3.  the  errors 
are  too  large  to  be  suitable  for  crou-sectional  area  calcula¬ 
tion.  If  the  shape  of  die  approximate  croes-sectioo  is  known 
in  advance,  the  number  of  measurements  and  method  of  cal¬ 
culation  can  be  selected  to  improve  the  accuracy.  However, 
the  laser  technique  can  nor  desea  a  reentrant  shape,  for 
example  a  dog-bone  shape  for  some  PAN-baaed  fibers  and 
the  PAC-man  shape  for  some  pitch-based  fibers.  Also, 
sometimes  the  diffraction  pattern  is  not  good  and  hard  to 
detect  the  minimum  intensity . 


The  laser  diffraction  patterns  for  tungsten  and  car¬ 
bon  fibers  using  aphotoresistor  and  CCD  imy  are  shown  in 
figures  7-8.  From  the  results  of  pfaouresistor  in  fig.  7,  we 
can  see  that  tungsten  ha*  smooth  diffraction  pattern  which  is 
close  to  the  theoretical  patsem{4],  but  the  diftahtion  pattern 
for  carbon  fiber  ahowe  modulation  The  resolution  for  both 
cases  is  smaller  than  1000  micron,  and  compared  with  the 
3.4cm  distance  between  twonammum  intensity  locations  of 
6.66  micron  T-300  fiber,  we  can  obtain  an  accuracy  better 
than  1.8%.  Also  when  the  distance  between  fiber  and 
detector  is  closer,  the  resolution  increases.  Because  of  this 
precuion.it  appears  possible  to  determine  the  Poisson's  ratio 
directly.  The  diffraction  patterns  (fig.  8)  for  tungsten  and 
carbon  fibers  using  a  higher  resolution  CCD  stray  show  the 
same  result  with  carbon  fiber's  pattern  having  more  modu¬ 
lation.  Due  to  the  resolution  of  the  CCD  stray,  the  tungsten 
also  has  a  little  modulation.  The  reason  for  the  modulation 
is  probably  due  to  surface  roughness.  By  using  the  CCD 
detector,  e  large  number  of  measurements  can  be  done 
quickly,  and  the  calculation  of  cross-sectional  area  will  be 
very  accurate.  Also  additional  information  can  be  obtained 
if  the  shape  of  crou-tectioo  is  close  to  an  ellipse.  By  fitting 
the  equation  of  an  ellipse,  the  morphology  of  the  cross- 
section  can  be  investigated[3]. 


The  polygon  approximation  is  good  for  small  ellip¬ 
ticity.  If  the  shape  of  the  cross-section  is  close  to  an  ellipse, 
more  measurements  must  be  done  to  improve  the  accuracy 
for  high  ellipticity.  For  cross-sections  with  a  reentrant 
shape,  the  laser  diffraction  technique  is  not  suitable  for 
measurement  of  crow-sectional  areaDoe  to  surface  rough¬ 
ness,  the  diffraction  paoero  for  carboo  fiber  shows  modula¬ 
tion  and  can  be  used  to  characterise  surface  roughness.The 
resolution  appears  enough  to  determine  Poisson’s  ratio  di¬ 
rectly. 
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HIGH  PERFORMANCE  TITANIUM  D I BORIDE  FIBERS 


R.  J.  Diefendorf  and  L.  Mazlout 

Materials  Engineering  Department 
Rensselaer  Polytechnic  Institute 

INTRODUCTION 

The  properties  of  more  than  500  high  melting  materials 
were  considered  for  fiber  reinforcement.  TiB2  was  chosen  as 
a  potential  material  for  fiber  reinforcement  of  intermetallic 
matrix  composites.  TiB2  fibers  can  be  produced  using  dif¬ 
ferent  methods,  but  the  one  most  promising  is  the  chemical 
vapor  deposition  (CVD)  of  TiB2  by  the  hydrogen  reduction 
of  TiCl4  and  BC13.  Also,  TiB2  can  be  deposited  using  a 
two-step  process  in  which  boron  is  deposited  first  and  then 
titanium,  which  reacts  with  the  already  deposited  boron  to  form 
titanium  diboride.  The  results  related  to  this  experiment  will 
be  presented,  since  some  difficulties  were  encountered  during 
the  deposition,  the  deposition  process  was  modeled  with  the 
purpose  of  solving  these  problems.  The  results  of  this  model¬ 
ing  which  lead  to  a  new  reactor  design  will  be  discussed. 

-  Introduction 

-  Experimental  setup 

-  Modeling  of  the  tube  reactor 

-  Tube  reactor  design 

-  Cheaical  vapor  depoaltion  of  Ti02 

-  Suaaary 
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FIBER  SELECTION  CRITERIA 


The  objective  of  our  work  consisted  of  finding  and 
then  producing  a  fiber  reinforcement  for  composites  for  use 
at  very  high  temperatures.  More  than  500  materials  have  been 
considered  by  investigating  their  properties,  the  most 
important  of  which  are  melting  temperature,  creep  and  stress 
rupture,  specific  modulus,  coefficient  of  thermal  expansion, 
volatility  and  environmental  stability.  Unfortunately,  the 
data  are  not  available  for  the  properties  of  all  materials. 
Therefore,  our  selection  of  materials  is  based  on  the  availa¬ 
ble  data  and  intuition.  Missing  data  is  insufficient  to 
eliminate  a  material.  Hence,  if  all  known  properties  are 
"good",  the  material  is  considered  for  further  studies.  As 
a  result  of  this  survey,  nine  materials  were  considered  for 
further  studies.  Finally,  titanium  diboride  in  pure  or 
doped  forms  was  selected  out  of  these  nine  materials  for 
initial  fiber  development. 


#  CREEP  AND  STRESS  RUPTURE 

#  SPECIFIC  MODULUS 

#  COEFFICIENT  OF  THERMAL  EXPANSION 

#  VOLATILITY 

#  ENVIRONMENTAL  STABILITY 
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HIGH  MELTING  COMPOUNDS 


The  chart  below  shows  the  elements  and  compounds  with 
a  melting  point  higher  than  2200°C.  Among  these  materials 
carbon  and  TiB2  have  the  highest  melting  temperatures  and 
lowest  densities.  While  a  number  of  other  properties  also 
must  be  acceptable,  TiB2  appears  to  meet  the  requirements 
although  there  is  considerable  scatter,  in  the  data. 


Tjioo 
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DETERMINING  TiB2  PROPERTIES 


The  properties  of  titanium  diboride  show  enormous 
scatter.  Part  of  this  variation  may  be  caused  by  preferred 
orientation.  TiB2  ^as  a  hexagonal  structure  which  consists 
of  alternating  layers  of  boron  and  titanium.  This  type  of 
structure  leads  to  different  properties  in  the  Ma"  and  "c" 
directions.  Any  preferred  orientation  generated  during  the 
production  of  TiB2  such  js  by  chemical  vapor  deposition  will 
vary  properties.  A  second  problem  is  producing  pure  TiB2- 
The  TiB2  domain  in  the  phase  diagram  is  narrow.  An  excess  cf 
boron  over  the  stoichiometric  ratio  leads  to  boron  precipitates 
while  an  excess  of  titanium  leads  to  Ti3B4  precipitates  within 
TiB2-  The  stoichiometries  measured  by  many  investigators1'1 
ranges  from  TiB^gg  to  TiB2.22*  ln  addition,  other  impurities 
such  as  carbon  and  oxygen  often  have  been  formed  by  chemical 
analysis . 


PREFERRED 

ORIENTATION 


■  Prrr*nt  Boron 
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PROPERTIES  OP  TiB2 


Some  of  the  important  properties  of  TiB2  which  led 
to  its  selection  are  tabulated  below.  The  elastic  modulus  of 
500  GPa4  is  easily  obtained,  but  values  as  high  as  810  GPa  have 
been  measured  on  CVD  produced  fiber  using  a  tungsten  substrate. 

The  intermediate  value  of  the  coefficient  of  thermal  expansion 
makes  TiB2  a  potential  reinforcement  of  both  intermetallic 
and  ceramic-matrix  composites.  Its  good  stability  with  many 
potential  matrices  makes  it  an  attractive  reinforcement.  For 
example,  as  compared  with  SiC,  TiB2  was  found  to  be  very 
stable  in  contact  with  Ni3Al. 

The  value  of  the  electrical  resistivity  is  very  low.  In 
the  production  of  TiB2  fibers  by  CVD,  the  substrate  fiber,  on 
which  TiB2  is  deposited,  is  resistively  heated  generally.  Since 
the  electrical  resistivity  of  TiB2  is  very  low,  large  currents 
are  required  to  keep  the  fiber  at  the  desired  temperature  as 
deposition  takes  place.  The  difficulty  caused  by  this  property  in 
producing  TiB2  fibers  will  be  evident  later. 


MELTING  TEMPERATURE 

HIGH 

(32250 

DENSITY 

LOM 

(4.52g/cc) 

MODULUS  OF  ELASTICITY 

HIGH 

(500GPa) 

CREEP 

LOW 

(10-7  /SEC  e 
1300-15000 

THERMAL  EXPANSION  COEFFICIENT 

MED 

(7-8x10"*  /  0 

VOLATILITY 

LOW 

(Kp-iOH 82000K) 

REACTIVITY 

LOW 

(Al.  Ni.  Ti) 

ELECTRICAL  RESISTIVITY 

LOW 

(7mlcroohm.cni) 
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DEPOSITION  CONDITIONS  AND  RESULTS 


The  method  adopted  for  depositing  TiB2  coatings  was 
the  two-step  process.  In  the  first  step  gas  flow  rates  of 
162  cc/min  of  BCI3  and  1150  cc/min  of  hydrogen  were  fed  into 
the  tube  reactor.  The  substrate  fiber  used  was  SCS-6  SiC 
fibers.  Its  temperature  was  held  at  930°C  for  a  period  of 
one  minute.  In  the  second  step  the  resulting  fiber  was 
heated  up  in  a  flowing  gas  of  TiCl4  and  excess  hydrogen. 

The  reaction  time  was  75  seconds.  The  initially  supplied 
power  of  650  V  and  250  mA  changed  indicating  the  deposition 
of  a  conducting  material.  The  boron  deposition  rate  at  the 
conditions  specified  above  was  2.9  micrometer/min.  Finally, 
the  TiB2  deposition,  or  transformation,  rate  was  about  0.3 
micrometer/min.  The  strength  of  three  different  samples 
was  measured  using  a  loop  test.  By  comparison  with  an 
uncoated  SiC  fiber  it  was  found  that  the  samples  had  the 
same  strength.  A  SEM  photograph  of  the  produced  fiber 
after  it  has  been  broken  in  a  bend  test  is  shown.  The 
resulting  TiB2  coating  is  very  uniform  around  and  along  the 
fiber.  Because  of  the  high  electrical  conductivity  of  TiB2 
the  temperature  of  the  fiber  dropped  as  TiB2  was  deposited. 
As  will  be  described  later,  a  new  tube  reactor  which  can 
lead  to  deposition  of  thick  TiB2  coatings  at  constant 
temperature  was  designed. 
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RESULTS  AND  DISCUSSION 


The  figure  shows  the  deposited  coating  at  a  magni¬ 
fication  of  10,000X.  The  deposited  coating  consists  of  three 
layers.  Qualitative  analysis  has  been  made  on  these  three 
layers.  The  results  from  the  top  layer  are  shown  in  the 
next  figure.  Auger  analysis  was  also  performed  on  the 
very  top  layer.  By  considering  the  results  obtained  from  a 
sample  where  only  the  first  step  was  performed,  i.e.  only 
boron  was  deposited,  the  results  can  be  summarized  as  follows. 
First,  the  very  top  titanium  diboride  layer  has  an  appreciable 
amount  of  silicon  and  some  traces  of  carbon  and  oxygen. 

Second,  the  middle  dark  layer  is  mainly  boron  and  silicon 
with  some  traces  of  carbon.  Third,  the  bottom  bright  layer 
is  silicon  rich  containing  an  unidentifiable  amount  of  boron 
and  carbon. 
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QUALITATIVE  element  IDENTIFICATION 
sample  I0jT;B2  coating  outside 

POSSIBLE  IDENTIFICATION 


TI 

KA  KB  OR 

BA  LA 

s: 

KA  OR  RB 

LA7 

NS 

LA  OR  AU 

LA  ha 

PEAK 

listing 

ENER6V 

AREA  EL.  AND 

LINE 

1 

1  .734 

3983  SI  KA  OR 

RB  LA 7 

2 

2. 14* 

5824  AU  MA 

3 

♦  .514 

999#  TI  KA 

4 

4 .93$ 

1 262  TJ  KS 

5 

9.717 

821  AU  LA 

RPX  MATERIALS  ENGINEERING 
Cursor*  i  0  0O0k*v  •  0 


TiBS  COATING  OUTSIDE 


VTS  •  2940  10.240 


SUMMARY  OP  TiB2  COATING  WORK 


Using  the  two-step  process,  TiB2  could  be  deposited 
successfully  on  a  SiC  substrate.  The  very  high  electrical 
conductivity  of  TiB2  made  it  impossible  to  deposit  thick 
coatings.  Silicon  diffused  throughout  the  coating, 
resulting  in  unpure  TiB2.  The  reactivity  of  these  TiB2 
coatings  with  existing  and  potential'  matrix  materials  such  as 
Ni3Al  will  be  studied.  Also,  the  production  of  pure  TiB2 
fibers  using  the  one-step  process  will  be  performed. 


*  TiB2  SUCCESSFULLY  COATED 

*  TiBa  COATING  AS  STRONG  AS  SCS-6 

SiC  FILAMENT 

*  REACTIVITY  STUDIES  TO  BE  PERFORMED 
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CVD  OP  TiB2  -  PROBLEMS  ENCOUNTERED 


Four  major  problems  were  encountered  during  the 
deposition  of  TiB2*  Three  of  these  were  related  to  the 
design  of  the  tube  reactor  and  the  fourth  to  the  heating 
method.  The  first  problem  lead  to  fiber  breaking  soon  after 
deposition  started  at  the  lower  jewel  of  the  top  end-cap. 
There  is  relatively  little  gas  flowing  at  this  location, 
so  that  the  fiber  is  relatively  hot.  The  second  problem 
was  caused  by  the  plugging  of  the  inside  jewels  which 
prevented  the  substrate  from  being  threaded  into  the  tube 
reactor  for  continuous  deposition.  Finally,  TiCl3  was 
observed  to  deposit  on  the  relatively  cold  tube  wall  which 
fouled  up  temperature  measurement  of  the  fiber. 


-  Local  heating:  breaking  of  fiber. 

-  Plugging  of  the  Jewels:  sticking  of  fiber. 

-  Deposition  of  TiCla  on  tube  walls. 
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CVD  OP  TiB2 


The  main  problem  encountered  during  the  deposition 
of  TiB2  was  the  difficulty  in  depositing  thick  TiB2  coatings. 

The  cause  for  this  is  the  high  electrical  conductivity  of 
TiB2 ,  which  is  even  a  better  conductor  than  elemental 
titanium.  (The  electrical  resistivity  of  TiB2  is  7  micro 
ohm-cm  at  room  temperature  and  it  increases  linearly  to  about 
50  micro  ohm-cm  at  1100°C.)  Since  the  filament  is  generally 
resistance  heated  during  deposition,  the  voltage  and  amperage 
requirements  change  from  high  voltage  to  high  current  as  TiB2  is 
deposited  on  the  substrate.  By  contrast,  deposition  of  silicon 
carbide  and  boron  present  a  much  lesser  problem  since  they  have 
much  higher  resistivities.  The  solution  to  this  problem  can  be 
any  or  a  combination  of  the  following:  1)  Multiple  reactors  can 
be  used.  The  length  of  each  reactor  should  be  short  enough  so 
that  a  constant  temperature  may  be  achieved  with  a  DC  power 
supply  having  the  appropriate  voltage  and  amperage  rating.  2) 
Alternate  heating  methods  such  as  light  or  radio  frequency 
heating  external  to  the  silica  reactor  can  be  used.  3)  Finally, 
the  heat  losses  can  be  minimized,  which  allows  smaller  power 
supplies  to  be  used. 


MAIN  PROBLEM 

-  HIGH  ELECTRICAL  CONDUCTIVITY  — - 

SOLUTIONS 

#  MULTIPLE  REACTORS 

#  ALTERNATE  HEATING  METHODS 

#  MINIMIZE  HEAT  LOSS 
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HEAT  TRANSFER  MODELING  -  TUBE  WAT.T.  TEMPERATURE 

The  effect  of  the  deposition  conditions  and  the  process 
variables  on  the  current,  I,  required  to  achieve  a  fiber 
temperature  Tf,  is  required  in  minimizing  the  heat  losses. 

The  figure  shows  the  control  volume  used  to  estimate  the  tube 
wall  temperature,  Tw.  q^  and  q  denote  the  heat  transferred 
by  conduction  and  radiation,  and  by  convection.  The  heat 
radiated  from  the  tube  walls  has  been  estimated  to  be  about 
2%  of  the  convected  heat,  and  hence  it  has  been  neglected.  By 
equating  the  heat  coming  in  to  the  heat  going  out  of  the  control 
volume,  Tw  can  be  estimated  by  the  expression  shown  below  where 
e,  a,  k,  and  h  are  the  fiber  emissivity,  the  Stephan-Boltzman 
constant,  the  average  thermal  conductivity  of  the  gas,  and  the 
convection  coefficient,  respectively. 


T. 
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HEAT  TRANSFER  MODELING  -  POWER  REQUIREMENT 


The  current  required  to  heat  up  the  fiber  to  a  temper¬ 
ature  Tf  can  be  found  by  considering  the  control  volume 
shown  by  the  dotted  line.  The  total  heat  entering  the 
control  volume  is  the  sum  of  the  heat  supplied  by  the  power 
supply,  I2R,  and  the  heat  carried  by  the  gas  at  the  inlet 
temperature  T0.  The  total  heat  leaving  the  control  volume 
is  the  sum  of  the  convected  heat  through  the  tube  walls,  q, 
and  the  heat  carried  out  by  the  gas  at  the  exit  temperature 
T.  Again,  the  radiated  heat  from  the  tube  walls  to  the 
surroundings  is  negligible.  The  heat  contribution  of  the 
gas  is  es  mat^J  from  the  heat  capacity.  The  heat  of  the 
gas  is  esv  nated  by  H(T)  *  N{ (Tf +2Tw)a/3-H(Tc) }  with  a  maxi¬ 
mum  error  of  5.9%  and  1.6%  for  nitrogen  and  hydrogen,  respec¬ 
tively.  N  is  the  total  gas  flow  rate  and  a  is  the  constant 
in  the  heat  capacity  expression:  Cp  *  a+bT+cT2+dT4 .  After 
equating  the  total  heat  in  to  the  total  heat  out,  the  current 
can  be  expressed  as  given  by  the  equation  below,  where  R  is 
the  resistance  of  the  fiber. 


HEAT  BALANCE 


C2) 
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CALCULATED  VERSOS  EXPERIMENTAL  RESULTS 


The  equation  derived  for  the  current  can  be  used  to 
study  the  effect  of  process  variables  on  the  power  requirement. 
The  figure  below  compares  the  calculated  to  the  measured  current 
as  a  function  of  fiber  temperature.  The  difference  observed 
could  be  due  to  the  heat  transfer  coefficient  or  to  any  of  the 
assumptions  made  during  the  derivation  of  equation  (2).  One 
assumption  was  that  the  temperature  gradient  from  the  fiber 
surface  to  the  tube  wall  was  linear.  In  fact,  near  the  fiber 
surface,  the  temperature  drops  faster  than  linearly.  The  esti¬ 
mated  wall  temperature  which  was  higher  than  the  measured  value 
agrees  with  this  argument.  Hence,  the  effective  convective 
coefficient  will  be  different  from  the  convective  coefficient 
used  in  the  calculations.  Other  assumptions  such  as  those 
related  to  the  heat  loss  at  the  cnd-caps  and  to  the  temper¬ 
ature  drop  across  the  tube  wall  are  negligible.  Using  the 
effective  convective  coefficient,  the  calculated  value  is 
considered  to  be  accurate  enough  to  allow  a  better  under¬ 
standing  of  the  heat  transfer  process. 
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HEAT  LOSSES 


The  figure  shows  how  the  current  varies  with  fiber 
temperature  for  two  different  cases.  The  first  one,  repre¬ 
sented  by  the  solid  line,  is  when  there  is  no  gas  flowing 
through  the  reactor,  i.e.  all  the  heat  is  lost  to  the  out¬ 
side  by  convection  from  the  tube  wall.  In  the  second  case, 
represented  by  the  dotted  line,  the  convective  coefficient 
is  set  to  equal  zero;  i.e.  the  tube  is  totally  insulated 
and  the  heat  is  lost  through  the  flowing  gas.  By  comparing 
these  two  curves  it  is  easily  seen  that  if  the  tube  is 
insulated,  then  the  power  required  to  heat  up  the  fiber  to 
the  desired  temperature  is  decreased  by  at  least  a  factor 
of  eight.  The  consequence  of  this  is  that  thick  coatings 
of  highly  conductive  materials  can  be  deposited  on  a 
substrate  more  easily. 


185 


NEW  REACTOR  DESIGH 


A  schematic  of  a  tube  reactor  chamber  that  can  be 
used  to  produce  thick  coatings  of  ni^liiy  conductive  materials 
with  less  power  is  shown.  The  insulation  on  the  outside  of 
the  tube  can  be  achieved  by  a  vacuum.  This  should  allow  the 
operator  to  monitor  the  temperature  using  an  optical  pyrometer 
This  new  design  has  other  advantages  as  well.  Since  the 
vacuum  does  not  extend  to  the  ends  of  the  tube,  the  fiber 
there  will  be  relatively  cooler  than  in  the  middle  section, 
hence  the  "hot  spot"  problem  is  minimized.  Also,  the  level 
of  vacuum  can  be  changed  such  that  the  inner  *  'e  wall  is  hot 
enough  to  prevent  undesired  TiCl3  deposition. 


NEW  REACTOR  DESIGN  (Cont ' d . ) 


A  diagram  of  the  new  end-caps  designed  to  solve  the 
problems  encountered  during  earlier  depositions  is  shown 
below.  The  new  design  is  based  on  a  concentric  flow  of  a 
cooling  gas  such  as  hydrogen.  This  gas  enters  the  end-cap 
at  the  top  and  flows  around  the  mercury  column,  thus  cooling 
it.  It  also  prevents  the  reacting  gases  which  enter  the  tube 
reactor  at  a  lower  inlet  from  getting  near  the  small  hole 
through  which  the  fiber  is  threaded.  Hence  clogging  of  the 
hole  and  sticking  of  the  fiber  is  avoided.  The  third  function 
of  the  cooling  gas  is  to  cool  the  very  top  portion  of  the 
fiber  as  it  exits  from  the  mercury  column  to  avoid  a  hot  spot 
that  may  lead  to  fiber  breakage. 


NEW  DESIGN 

Cooling  gas  (H,) 
♦  T1C14+  BO, 


i 
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SUMMARY 


A  survey  of  the  properties  of  over  500  materials  lead 
to  the  conclusion  that  TiB2  ^-s  one  the  ^est  reinforcing 
materials  that  can  be  used  in  composites  for  aerospace  and 
high  temperature  applications.  Also,  due  to  its  intermediate 
properties  it  can  be  used  to  reinforce  metal  as  well  as 
ceramic  matrix  composites.  TiB2  could  be  deposited  success¬ 
fully,  although  in  unpure  form,  onto  SCS-6  SiC  fibers.  Silicon 
was  observed  to  diffuse  throughout  -che  coating.  The  strength 
of  the  TiB2~coated  fibers  was  at  least  of  comparable  magnitude 
to  commercially  available  CVD  SiC  filament. 

A  better  understanding  of  the  heat  transfer  phenomenon 
during  CVD  was  achieved  by  modeling  the  heat  transfer  process 
by  a  simple,  but  powerful  model.  The  results  of  this  modeling 
led  to  the  design  of  a  new  tube  reactor  which  solves  problems 
encountered  using  the  old  reactor;  namely  (1)  inability  to 
deposit  thick  coatings,  (2)  breaking  of  the  fiber  during 
deposition,  (3)  sticking  of  the  fiber  to  the  end-caps,  and 
(4)  unwanted  deposition  of  TiCl3  on  the  tube  wall. 


*  TiB2  is  a  potential  reinforcement  for 

-  Metal  matrix  composites. 

-  Ceramic  matrix  composites. 

a  T1B2  has  been  successfully  deposited, 
x  Problems  can  be  solved  using  the  new  reactor. 
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HIGH  TEMPERATURE,  ADVANCED  STRUCTURAL 
COMPOSITE  REINFORCEMENTS* 
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Introduction 


Improvements  to  high  temperature  alloys  have  been 
instrumental  in  improving  the  performance  of  aircraft  gas 
turbine  engines.  Better  materials  have  resulted  in  an  in¬ 
crease  in  the  past  of  5°  to  10 °C  per  year  in  material 
temperature  capability.  However,  the  melting  of  nickel- 
base  superalloys  limits  future  performance  increases  with 
these  materials.  Improved  thermal  efficiency  could  be 
obtained  running  at  higher  turbine  inlet  temperatures  and 
higher  pressure  ratios.  Hence,  the  goal  for  a  high  temper¬ 
ature  composite  material  which  can  operate  in  a  combustion 
gas  atmosphere. 

Turbine  blades  must  operate  at  high  temperature  with 
centrifugal  stresses,  gas  flow  induced  stresses,  as  well 
as  thermal  stresses  resulting  from  steady  state  tempera¬ 
ture  gradients,  and  transients  in  gas  temperature  and 
pressure.  The  moduli  of  elasticity  govern  the  natural 
blade  frequencies  and  influence  the  thermal  stresses?  the 
coefficients  of  thermal  expansion  cause  blade  growth,  and 
contribute  to  thermal  stress;  the  thermal  conductivities 
affect  the  temperature  gradients.  Conceptually,  the  com¬ 
bined  centrifugal,  thermal,  and  gas-load  stresses  can  be 
evaluated  to  define  the  lifetime  based  on  stress-rupture, 
creep,  and  high  cycle  fatigue.  Other  phenomina  which 
affect  or  determine  lifetime  are  thermal  fatigue,  and  low 
cycle  fatigue.  Finally,  near-ambient  conditions  often  are 
the  most  severe  for  brittle  systems,  as  ceramics  are  less 
forgiving  than  at  higher  temperature.  Therefore,  the 
fracture  toughness  or  damage  tolerance  of  these  materials 
is  important  at  ambient  temperature. 

The  turbine  blade  is  subjected  to  combustion  gases, 
and  the  surface  must  be  resistant  to  oxidation/hot  corro¬ 
sion.  Furthermore,  the  various  materials  in  the  composite 
should  be  c  mpatible  and  ideally  thermodynamically  stable. 
The  microstructures  of  the  constituent  materials  also 
should  be  stable. 

♦This  research  was  supported  by  the  Office  of  Naval  Re- 
search-Def ense  Advanced  Research  Projects  Agency  (ONR- 
DARPA)  Contract  #N00014-86-K0770 . 

♦♦Future  Address:  Dept,  of  Ceramic  Engineering,  Clemson 
University,  Clemson,  SC,  USA. 
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PROCEEDINGS  VERBUNDWERK  19*0 


Listed  below  are  the  properties  which  are  normally  re¬ 
quired  for  turbine  design: 

1)  Tensile  strengths  and  moduli 

2 )  Creep 

3)  Stress-rupture 

4)  High  and  low  cycle  fatigue 

5)  Thermal  cycle  fatigue 

6)  Fracture  toughness 

7)  Damage  tolerance 

8)  Density 

9)  Coefficients  of  Thermal  Expansion 

10)  Thermal  Conductivities 

11)  Microstructural  stability 

12)  Oxidation/hot  corrosion. 

All  of  these  properties  must  be  known  over  the  temperatures, 
times  and  environments  that  the  turbine  blade  would  encoun¬ 
ter  during  its  service  life.  Composites  also  require  extra 
testing  because  of  their  directionality.  Obviously,  the 
cost  of  testing  many  potential  candidate  systems  up  to 
2000 °C  is  high.  The  purpose  of  this  paper  is  to  consider 
reinforcement  fibers,  and  their  use  in  composite  material 
systems.  Unfortunately,  necessary  data  for  many  of  the 
materials  with  pure  or  controlled  composition  is  not  availa¬ 
ble,  or  if  available,  misleading.  Hence,  theory  may  pro¬ 
vide  better  estimates  of  potential  performance  than  experi¬ 
mental  data. 

Some  criteria  must  be  selected  for  comparing  the  rein¬ 
forcing  fibers.  The  values  are  calculated  from  the  compos¬ 
ite  properties  that  probably  would  be  required  to  replace 
superalloys.  They  are: 

1)  Tensile  and  compressive  strength  of  1.5  GPA 
minimum  from  room  temperature  to  1500C. 

2)  Tensile  modulus  of  70  GPA  minimum  from  room 
temperature  to  1500C. 

3)  Radial  creep  of  £1%  at  1500C  under  130  MPA 
stress  for  1000  hours. 

4)  A  1000  hour  radial  stress-rupture  life  at  1500C 
under  a  130  MPA  stress. 

5)  Out  of  plane  shear  strengths  of  15  MPA  from 
room  temperature  to  1500C. 

6)  Ability  of  composite  and  any  coatings  to  with¬ 
stand  multiple  cycling  without  probability  of 
spallation  of  the  coating  or  major  damage  to 
composite  properties.  (Particularly  out-of- 
plane  properties .) (A  coefficient  of  thermal 
expansion  consideration.) 
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7)  A  1000  hour  oxidation  resistance  at  1500C  and 
better  oxidation  resistance  at  lower  tempera¬ 
tures  and  normal  engine  cycles. 

8)  Microstructural  stability  at  1500C  for  1000 
hours . 

9)  Melting  point  over  2000C. 

10)  Low  density  if  possible. 

These  are  strigent  requirements.  Fibers  will  be  noted  if 
they  approach  these  requirements,  or  if  different  proc¬ 
essing  or  compositions  might  provide  improvement. 

I.  Fiber  Materials 


The  introduction  enumerated  the  extensive  set  of 
properties  necessary  to  evaluate  the  potential  of  a  materi¬ 
al  as  a  fibrous  reinforcement.  Unfortunately,  most  of 
these  properties  are  unknown  for  the  majority  of  the  mate¬ 
rials.  What  is  known  for  most  materials  is  melting  point, 
density,  and  crystal  structure.  For  even  as  fundamental  a 
property  as  modulus,  only  about  ten  percent  of  the  values 
for  the  high  melting  intermetallic  compounds  are  known. 

The  question  is  then  how  can  the  potential  of  the  materials 
be  estimated  from  these  simple  data  and  first  principles 
and  known  "rules  of  thumb"? 

A.  Melting  Point 

Over  three  hundred  materials  have  melting  points 
over  2200C.  Figure  1  illustrates  a  portion  of  the  total. 
While  many  materials  have  melting  points  over  2200C,  only 
ten  elements  or  simple  compounds  have  a  homologous  temper¬ 
ature  (T°K/Tmp)  of  0.7  or  less  for  an  operating  temperature 
of  2200C  at  one  atmospheric  pressure.  Carbon,  tungsten, 
the  carbides  of  hafnium,  niobium,  tantalum  and  zirconium, 
the  borides  of  hafnium,  zirconium  and  titanium,  and  tanta¬ 
lum  nitride  are  the  candidates.  Of  course,  if  the  operat¬ 
ing  temperature  were  1700C,  then  all  the  materials  shown  in 
Figure  1  have  a  homologous  temperature  of  0.7  or  less. 

Consideration  of  density  for  weight  critical  appli¬ 
cation  decreases  the  number  of  potential  materials  substan¬ 
tially.  Of  the  elements,  only  carbon  has  low  density  and 
a  high  melting  point.  Titanium  diboride,  berylium  borides, 
boron  nitride,  titanium  carbide,  silicon  carbide,  titanium 
nitride,  silicon  nitride,  berylium  nitride,  magnesium  oxide 
berylium  oxide  and  aluminum  oxide,  plus  perhaps  some  rare 
earth  borides  are  other  candidates.  Hence,  out  of  over  300 
high  melting  materials,  only  about  twelve  also  have  low 
density. 
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MELTING  POINT,  *C 


FIGURE  1:  Elements  and  Binary  Compounds  with  Melting 
Points  greater  than  2200C. 
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B .  Volatility 

The  rate  of  evaporation  may  be  estimated  from  the 
Knudsen-Langmuir  equation: 

Rate  =  1.5  x  105aPeq/(MT) ^gm/cm^/min 


where 

a  =  accommodation  coefficient 

peq  =  equilibrium  vapor  pressure 

M  =  molecular  weight  of  evaporating  species. 

The  accommodation  coefficient  is  usually  near  unity  (0.1 
to  1)  for  clean  metals,  but  may  be  lower  in  ceramic  systems 
(10~2  to  10"1),  especially  if  bonding  states  in  the  solid 
and  gas  phase  are  quite  different.  (Nitrogen  in  N2  and 
galium  nitride  is  an  example.)  An  upper  bound  on  the 
evaporation  can  be  obtained  by  assuming  a  *  1. 

There  are  also  many  other  mechanisms  which  may  lead 
to  material  loss  by  volatility.  For  example,  either  reduc¬ 
ing  or  oxidizing  atmospheres  may  accelerate  volatilization. 
However,  the  only  candidate  from  the  materials  selected  on 
the  basis  of  melting  point  and  density  that  is  eliminated 
because  of  volatility  is  magnesium  oxide,  although  alumi¬ 
num  oxide  may  lose  excessive  weight  under  highly  reducing 
conditions . 


C.  Modulus  and  Strength 

High  melting  point  implies  strong  attractive  bonds 
between  atoms  in  the  solid,  and  this  would  generally  result 
in  high  modulus  also.  It  has  been  mentioned  previously 
that  even  room  temperature  moduli  of  these  materials  are 
frequently  not  known,  much  less  elevated  temperature  moduli. 
A  good  theoretical  method  for  calculating  modulus,  especial¬ 
ly  as  a  function  of  temperature,  would  be  highly  desirable. 
Surprisingly,  there  is  relatively  little  literature  dealing 
with  modulus  near  the  melting  point  of  the  material.  For¬ 
tunately,  for  the  high  melting  materials  with  low  density 
the  specific  moduli  are  known  and  are  desirably  high. 

These  high  moduli  would  also  result  in  high  strengths 
if  the  materials  were  perfect.  The  high  strengths  that  can 
be  achieved  in  these  materials  in  fiber  form,  mean  that 
strength  is  generally  not  a  limiting  factor. 

D.  Creep  and  Stress  Rupture 

High  temperature  creep  and  stress-rupture  are  the 
mechanical  properties  of  greatest  concern.  Various  equa¬ 
tions  for  the  different  mechanisms  for  creep  can  be  com- 
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bined  to  generate  an  Arliby  deformation  map.  The  equations 
have  the  general  form: 


i 


<*DGabk 

kTdd 


where  a,a.b,c,d  =  constants 

D  =  diffusion  coefficient 
b  =  Burgers  vector 
s  =  stress 
d  =  grain  size. 


Hence,  to  minimize  creep,  the  material  should  be  a  single 
crystal,  oriented  in  the  proper  crystallographic  direction, 
with  a  complex  crystal  structure  (large  Burgers  vector), 
and  low  diffusion  coefficient.  Practically,  this  means 
that  creep  will  occur  in  simple  crystal  structures  as  low 
as  a  homologous  temperature  of  0.45  or  as  high  as  0.85  in 
ordered  complex  crystal  structures  such  as  the  intermetal- 
lic  compounds.  For  the  simple  crystal  structures,  it  can 
be  estimated  that  the  diffusion  coefficient  for  the  slower 
diffusing  species  must  be  less  than  lO*’^0  cm/s  to  have  an 
acceptably  low  creep  rate.  As  might  be  expected  for  meas¬ 
urements  made  at  high  temperatures  on  materials  of  variable 
stoichiometry,  there  is  scatter  in  results.  However,  dif¬ 
fusion  parameters  for  the  more  attractive  materials  are 
presented  in  Table  I.  All  of  these  materials  appear  to 
meet  the  diffusion  criteria.  However,  only  graphite  has 
acceptable  creep  resistance  at  2200C  if  the  samples  are 
polycrystalline.  At  lower  temperatures,  silicon  carbide 
and  titanium  diboride  appear  attractive.  An  oxide  rein¬ 
forcement  would  be  desirable  if  one  existed  with  sufficient¬ 
ly  low  creep.  Berylia  appears  to  be  inadequate,  but  sap¬ 
phire,  grown  in  the  "c"  axis  direction,  and  stressed  paral- 
el  to  the  "c"  axis  is  sufficiently  creep  resistant  to  be 
attractive  for  reinforcement.  The  difficulty  will  be  to 
keep  the  off  fiber-axis  stresses  in  the  composite  suffi¬ 
ciently  low  to  prevent  the  easy  creep  on  the  other  crystal¬ 
lographic  planes  from  occurring. 


Thoria  might  have  the  desired  high  temperature 
mechanical  properties.  Estimates  of  the  diffusion  coeffi¬ 
cient  indicate  that  creep  would  be  sufficiently  low  and 
stress-rupture  life  satisfactory  with  pure  thoria  at  2000C. 
Thoria  has  not  been  made  in  filament  form,  but  presumably 
could  be  made  by  sol-gel  or  by  processing  a  thorium  salt 
loaded  rayon  fiber.  Short  time  strengths  might  be  signifi¬ 
cantly  higher  than  bulk  thoria  artifacts.  High  CTE  would 
be  a  problem. 
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TABLE  I:  SELF-DIFFUSION  PARAMETERS 


System 

D0(cm/s ) 

Q(kcal/mole ) 

D2200(cm/s) 

ZrC0 . 85_c 

56 

124 

6.1E-10 

ZrC-Zr 

6.7E5 

162 

3.2E-  9 

Hfc0. 97-c 

63 

130 

2.0E-10 

HfC-Hf 

1.5E8 

183 

9.9E-  9 

NbC-C 

0.5 

102(73) 

4 . 8E-10 ( 1 . 8E-7  ) 

NbC-Nb 

1.2 

107 

4.2E-10 

TaCo.gs-C 

3.9(0.08) 

119(64) 

1 . 2E-10 ( 1 . 8E-7 ) 

TaC-Ta 

25 

122 

4.1E-10 

C 

1.4E-8 

71 

7.4E-15 

W 

15.3 

149.6 

9.1E-13 

Th02-0 

5.7E-2 

49.9 

2.2E-  6 

Th02-Th 

0.35 

149.5 

2.1E-14 

All  the  remaining  potential  reinforcements  would 
have  to  be  protected  from  oxidation.  Only  carbon,  tungsten 
and  silicon  carbide  are  available  in  fiber  form,  although 
the  other  carbides  could  be  presumably  formed  by  reaction 
with  carbon  fibers  or  by  chemical  vapor  deposition.  Carbon 
fiber  microstructure  is  stable  at  2200C  provided  it  has 
previously  been  heat-treated  at  2200C  or  higher.  Feldman 
has  measured  the  high  temperature  creep  of  several  types 
of  carbon  fibers.  For  a  low  modulus  carbon  fiber  (WCA) 
made  from  rayon,  the  experimental  rates  followed  the  gener¬ 
al  creep  equation: 


£  *  Aone-AE/RT 

where  AE  =  108  kca 1/mole 

n  ■  3.2  at  2200C  but  1.9  at  2400C. 

The  creep  rate  is  not  directly  quoted  for  WCA  fiber  but 
likely  can  be  inferred  as  'v«10”Vsec  at  2200C.  A  pitch 
fiber  (UCC  P-55)  was  observed  to  have  a  lower  activation 
energy  of  66  kcal/mole,  but  no  creep  data  was  published. 

Some  first-stage  creep  and  structural  changes  occur  in 
carbons  when  they  are  heated  above  their  maximum  heat  treat¬ 
ment  temperature.  The  low  activation  energy  for  P-55  fi¬ 
bers  may  be  associated  with  transient  creep  when  the  fiber 
is  heated  above  its  heat  treatment  temperature  (T*i2200C). 
Although  diffusion  studies  in  graphite  are  complicated  by 
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anisotropy,  self  diffusion  in  graphite  is  very  low  at  2200 
C,  which  is  consistent  with  the  creep  measurements  regard¬ 
less  of  what  model  is  used. 

Pure  tungsten  has  a  stress-rupture  life  of  minutes 
at  2200C  with  a  60  MPa  load.  However,  tungsten  alloys  with 
high  rhenium  content  (20-30%)  have  five  times  the  yield 
strength  of  pure  tungsten  at  2200C.  Tungsten  which  has 
been  dispersion  hardened  with  thoria  produces  higher  ten¬ 
sile  strengths,  and  the  best  properties  have  been  obtained 
with  tungsten/rhenium  alloys  dispersion  hardened,  with  hafni 
um  carbide.  Similar  improved  alloys  may  prove  adequate  for 
short  time  applications. 

The  pure  and  mixed  carbides  of  hafnium,  niobium, 
tantalum  and  zirconium  are  the  last  group  to  be  considered 
for  reinforcements.  They  have  simple  crystal  structures 
and  soften  at  surprisingly  low  temperatures.  The  diffusion 
rates  of  all  the  carbides  at  2200C  are  high  enough  that 
creep  and  stress-rupture  would  be  problems  assuming  a  10  u 
grain  size.  A  10  y  grain  size  is  larger  than  desired  for 
high  strength  fiber  unless  single  crystal  whiskers  could  be 
made,  and  a  smaller  grain  size  would  aggravate  the  creep. 
Yield  strengths  for  NbCo.95  an<*  TiCo.75  are  about  130  MPa 
at  2200C,  with  unspecified  microstructure.  The  carbides 
generally  are  carbon  deficient.  Making  carbides  that  are 
close  to  stoichiometry  might  decrease  creep.  However,  car¬ 
bon  often  precipitates  at  the  grain  boundaries  on  cool  down 
which  would  drastically  reduce  the  strength. 

Creep  of  course  depends  on  grain  size  and  purity. 
Most  fibers  that  have  been  developed  have  a  fine  grain 
size  or  even  amorphous  structure  so  as  to  obtain  high 
strength  at  room  temperature.  The  fine  grain  size  leads  to 
enhanced  creep  and  microstructural  instability  at  high  tem¬ 
perature.  In  the  future,  single  crystal  reinforcements, 
fibers  with  elongated  grain  structures,  and  controlled  pre¬ 
ferred  orientation  of  the  crystals  in  the  fiber  will  proba¬ 
bly  have  to  be  developed  to  achieve  improved  creep  resis¬ 
tance.  Some  progress  has  been  made.  For  example,  the  pre¬ 
ferred  orientation  of  the  crystallities  in  silicon  carbide 
filament,  made  by  chemical  vapor  deposition,  minimizes 
creep. 


Phase  purity  is  a  major  problem  with  at  least  two  of 
the  better  potential  reinforcing  materials:  silicon  car¬ 
bide  and  titanium  diboride.  The  silicon/carbon  phase  dia¬ 
gram  shows  that  silicon  carbide  is  a  line  compound.  Hence, 
unless  one  controls  the  deposition  conditions  extremely 
well  when  using  chemical  vapor  deposition  for  producing 
silicon  carbide  filament,  either  excess  carbon  or  silicon 
will  codeposit.  Excess  carbon  deposits  as  graphite  at  the 
grain  boundaries  of  the  silicon  carbide  crystals  and  an 
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extremely  low  strength  fiber  results.  Therefore,  manufac¬ 
turers  have  selected  conditions  that  give  a  silicon  excess, 
which  produces  a  high,  room  temperature  strength.  The  high 
temperature  properties  are  compromised,  of  course,  by  the 
presence  of  free  silicon  which  can  melt.  The  potential 
exists  for  producing  silicon  carbide  filament  with  much 
improved  creep  resistance  (<10"^/sec  at  15000.  The  case 
with  titanium  diboride  is  similar  in  that  titanium  diboride 
has  a  limited  solubility  range  and  the  adjacent  compounds 
(B,  Ti3B4 )  both  melt  at  much  lower  temperatures. 

Stress-rupture  lives  are  much  more  difficult  to  pre¬ 
dict  because  failure  is  likely  to  occur  at  a  local  flaw. 
However,  the  Charles  model  can  be  used  to  estimate  diffu¬ 
sion  controlled  stress-rupture  of  polycrystalline  materials. 
The  Charles  equation  is: 


e-RN 


fN^  3N2 
1  R  R2 


.  _  B.l/S 

z  8Ds(gomax)  (e  c2  ^f 


where 

R  =  °a 
amax 

oa  -  applied  stress 
°max  =  short  time  failure  stress 
N  *  Both 

6  - 

do  T 

oth  “  theoretical  strength 

AH 

Dg  =  Diffusion  constant  3  D0e" 

Y  *  Ysv  surface  energy 
5  »  radius  of  crack  tip. 

For  order  of  magnitude  estimation,  the  slope  parameter  N  » 
oth  V*/kT,  where  V*  is  the  activated  volume.  The  theoreti¬ 
cal  strength  may  be  estimated  as  'vO.lSE,  V*/'P’v(0.5fl)/(TM/2) 
'x-n/Tm,  and  3N/3T  'v3oth/3T  ^SE/ST,  where  Tm  is  the  melting 
point  of  the  material,  fl  is  the  atomic  volume  of  the  dif¬ 
fusing  species,  and  E  is  the  Young's  modulus.  Since  in 
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both  the  stress  rupture  model  and  creep  equations  the  dif¬ 
fusion  coefficient  is  a  major  factor,  the  same  materials 
appear  to  give  the  best  performance. 

In  summary,  creep  and  stress  rupture  are  probably 
the  most  restrictive  limitations  for  selection  of  reinforce¬ 
ment  materials.  For  temperatures  of  1500C,  the  list  con¬ 
sists  of  carbon,  boron  nitride,  tungsten,  silicon  carbide, 
and  perhaps  titanium  diboride  or  sapphire. 

E.  Coefficient  of  Thermal  Expansion 

The  coefficient  of  thermal  expansion  for  the  fiber, 
matrix  and  oxidation  protective  coatings  must  be  reasonably 
matched  (  |  ACTE|'v'2x10"°/°C)  to  prevent  thermomechanical 
damage  upon  processing  or  during  the  composite's  lifetime. 
The  very  low  CTE  of  carbon  fibers  (l-2xlO“®/°C  to  1000C) 
parallel  to  the  fiber  axis,  but  moderate  (8xlO~6/°C)  normal 
to  the  fiber  axis  limits  their  use  to  low  CTE  matrices. 
Conversely,  the  high  CTE's  ( >10xl0“®/°C )  of  some  potential 
intermetallic  matrices  require  reinforcements  such  as 
sapphire  (10xl0-6/°C)  or  perhaps  TiB2 ( 7xlO“6/°C) . 

F.  Chemical  Compatibility 

Chemical  compatibility  is  generally  estimated  from 
thermodynamic  calculations.  Normally,  it  is  assumed  that 
the  pair  of  materials  selected  for  fiber  and  matrix  are 
satisfactory  if  they  are  thermodynamically  stable  or  ther¬ 
modynamically  unstable  but  with  slow  kinetics.  In  reality, 
even  material  systems  that  are  thermodynamically  stable  can 
be  unsatisfactory.  For  example,  both  hafnium  and  titanium 
diboride  are  thermodynamically  stable  with  respact  to  nick¬ 
el.  Hence,  the  volume  fractions  in  compacts  of  either  haf¬ 
nium  diboride  or  titanium  diboride  in  nickel  were  invari¬ 
ant  when  the  compacts  were  heat  treated  at  high  tempera¬ 
ture.  The  grain  size,  however,  coarsened  substantially 
with  hafnium  diboride,  but  not  with  titanium  diboride. 
Therefore,  while  hafnium  diboride  is  thermodynamically 
stable  with  nickel,  it  is  not  suitable  as  a  reinforcement. 

II.  Conclusions 

There  is  only  one  fiber  reinforcement  which  is  ade¬ 
quate  for  short  time  air  or  inert  atmosphere  at  2200C:  car¬ 
bon.  Operation  in  an  oxidizing  atmosphere  but  at  tempera¬ 
tures  of  1500C  or  slightly  above  make  silicon  carbide  the 
material  of  choice.  Decreasing  the  operating  temperature 
to  1450C  for  an  oxidizing  atmosphere  may  make  "c"  axis 
single  crystal  sapphire  or  titanium  diboride  attractive. 

In  summary,  while  it  would  first  appear  that  many  materi¬ 
als  might  be  suitable  for  high  temperature  reinforcement, 
the  many  simultaneous  requirements  limit  the  number  to  a 


surprisingly  few.  Hopefully,  some  new  materials  will  be 
identified  which  can  be  added  to  our  present  short  list  of 
fiber  reinforcements. 


Carbon-Carbon  Composites,  Noyes  Pubis., 
J.D.  Buckley,  Ed.,  in  press. 
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INTRODUCTION 

The  high  strength,  superior  stiffness  and  light  weight  of  carbon 
fibers  have  made  them  the  dominant  reinforcing  fiber  used  in  high 
performance  polymer  matrix  composites.  However,  brittle  materials,  such  as 
ceramics  and  carbon,  can  be  reinforced  by  the  same  fibers,  creating  a  unique 
class  of  high  temperature  composite  materials.  When  properly  protected  from 
oxidation,  these  carbon  fiber  /  carbon  matrix  composites  tan  withstand 
extended  exposure  to  temperatures  of  up  to  2500°C,  making  them  attractive 
for  many  aerospace  applications.  In  addition,  because  of  their  improved 
friction  performance  and  high  wear  resistance,  carbon/carbon  materials  are 
used  in  the  high  performance  brakes  of  aircraft  as  well  as  racing  cars,  and 
the  use  of  these  carbon/carbon  brakes  in  passenger  cars  and  trucks  is 
currently  being  evaluated. 

At  present,  all  commercial  carbon  fibers  are  produced  by  the  thermal 
decomposition  of  various  organic  fiber  precursors.  By  far  the  most  popular 
precursor  materials  are  fibers  of  polyacrylonitrile  (PAN),  cellulose  (Rayon) 
and  pitch  (1) .  A  proposed  alternate  process,  which  produces  a 
discontinuous,  high  performance  carbon  fiber,  is  CVD  vapor  growth.  This 
chapter  will  describe  the  similarities  of  these  four  fiber  processes  as  well 
as  discuss  their  differences. 

MANUFACTURE  OF  PAN-BASED  CARBON  FIBERS 

Today,  approximately  90%  of  all  commercially-produced  carbon  fibers 
are  produced  from  a  polyacrylonitrile  (PAN)  precursor  fiber.  Normally, 
polyacrylonitrile  is  copolymerized  with  a  small  amount  of  another  monomer. 
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The  rate  at  which  the  solvent  is  extracted  from  the  polymer  as  it  passes 
through  the  coagulation  bath  governs  the  final  cross-sectional  shape  of  the 
fiber.  Thus,  the  temperature,  concentration  and  circulation  rate  of  the 
fluid  in  the  coagulation  bath  all  can  effect  the  structure  of  a  wet  spun 
fiber.  Rapid  extraction  of  the  solvent  during  coagulation  allows  the  outer 
portion  of  the  fiber  to  solidify  before  the  solvent  can  diffuse  out  of  the 
center  of  the  fiber.  The  large  concentration  gradient  across  the  fiber 
cross  section  makes  the  initial  density  of  the  center  portion  of  a  rapidly 
formed  wet  spun  fiber  much  less  than  that  of  the  fiber  skin.  As  the  solvent 
eventually  diffuses  out  of  the  cent,-...  the  fiber,  the  density  of  the  inner 
portion  of  the  fiber  increases,  causing  the  skin  of  the  fiber  to  collapse 
and  yielding  a  kidney  bean  (or  dog-bone  shape)  fiber.  However,  PAN 
precursor  fibers  with  a  circular  cross  section  and  a  minimum  of  internal 
voids  can  be  produced  by  wet  spinning  if  the  rate  of  solvent  extraction  is 
properly  controlled. 

In  another  variation  of  solution  spinning,  the  polymer  solution  is 
extruded  into  a  hot  gas  environment.  In  this  case,  the  temperature  and 
composition  of  the  gas  must  be  carefully  controlled  to  control  the  rate  of 
solvent  evaporation  and,  thus,  control  the  fiber's  structure.  This  process 
variation,  called  dry  spinning,  tends  to  produce  an  as-spun  fiber  with  dog- 
bone  shaped  cross  section. 

Often,  both  wet  and  dry  spun  fibers  are  washed  after  fiber  formation 
to  remove  the  final  traces  of  solvent.  Then  the  fibers  are  passed  through 
one  or  two  stages  where  they  are  stretched  to  further  align  the  polymer 
molecules  parallel  to  the  fiber  axis.  Finally,  this  fully-drawn  PAN 
precursor  fiber  is  dried  and  packaged. 
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treatment  requirements.  In  addition,  since  the  polymer  content  of  the 
plasticized  PAN  is  much  higher  than  that  of  the  solutions  used  in  wet  or  dry 
spinning,  coalescence  during  fiber  formation  is  simplified.  Thus,  the 
cross-sectional  structure  of  fibers  formed  by  melt-assisted  spinning  should 
be  more  uniform. 

Heat  Treatment  of  PAN  Precursor  Fibers 

Oxidation  of  PAN  Precursor  Fibers.  The  molecular  orientation 
produced  as  the  PAN  precursor  is  drawn  and  stretched  must  be  locked  into 
place  if  the  final  mechanical  properties  of  the  carbon  fiber  are  to  be 
maximized.  Commercially,  this  is  accomplished  by  heating  the  PAN  precursor 
fiber  in  air  under  tension  at  220  to  270°C  for  a  period  which  can  vary  from 
30  minutes  to  as  much  as  7  hours  <4)  .  The  exact  temperature  and  time 
required  for  this  thermosetting  process  depends  upon  the  exact  composition 
and  diameter  of  the  PAN  precursor  fiber.  The  primary  reactions  which  occur 
during  this  step,  called  oxidation,  are  cyclization  of  the  nitrile  groups, 
the  dehydration  of  saturated  carbon-carbon  bonds  and,  of  course,  oxidation. 
These  reactions  convert  the  PAN  molecules  into  an  infusible  cyclized  network 
of  hexagonal  carbon-nitrogen  rings.  Although  many  structures  result.  Figure 
4  summarizes  the  functional  groups  most  often  observed. 


Insert  figure  4  about  here 


Commercially,  the  oxidation  step  is  carried  out  in  large  furnaces  such 
as  that  shown  in  Figure  5.  Drive  rolls  are  used  to  slowly  pull  the  PAN 
precursor  fiber  through  the  oven  under  a  controlled  tension.  If  tension 
were  not  applied  during  the  thermoset  process,  the  polymer  would  relax  to  a 
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1000°C  only  smaller  molecules,  such  as  H2  and  N2,  are  given  off.  Thus, 
carbonization  is  often  conducted  in  two  steps:  precarbonization  (heat 
treatment  up  to  1100°C)  and  carbonization  (heat  treatment  at  temperatures 
ranging  from  1600  to  1800°C.  Even  though  the  carbon  content  of  PAN  is  54%, 
carbon  loss  during  the  heat  treatment  steps  make  the  overall  yield  for 
converting  PAN  precursor  fiber  to  carbon  fiber  about  40-45%  (7) . 

It  is  the  final  heat  treatment  temperature,  along  with  the  degree  of 
molecular  orientation  of  the  molecules  in  the  thermoset  precursor  fiber, 
which  govern  the  modulus  of  the  final  carbon  fiber  product.  Like  all 
brittle  materials,  the  strength  of  the  final  carbon  fiber  is  limited  by 
flaws  in  its  structure.  Thus,  the  final  carbon  fiber  strength  can  be 
influenced  by  the  purity  in  the  precursor  fiber,  the  final  carbonization 
conditions,  and  even  the  void  content  of  the  precursor  fiber. 

After  final  heat  treatment,  most  PAN-based  carbon  fibers  are  given  a 
surface  treatment  to  improve  their  bonding  with  polymeric  matrix  materials. 
Although  surface  treatment  results  in  some  roughening  of  the  surface,  its 
primary  effect  is  to  increase  the  concentration  of  oxygenated  groups  on  the 
fiber  surface.  This  can  be  accomplished  by  various  techniques,  such  as 
exposing  the  carbon  fiber  to  gases  (such  as  air  or  carbon  dioxide)  at 
elevated  temperatures,  submerging  the  fiber  in  sodium  hyporchlorite  or 
nitric  acid  solutions,  or  electrolytically  etching  the  fiber.  The  principal 
goal  of  this  process  step  is  to  increase  the  interfacial  bond  strength 
between  the  fiber  and  the  matrix  material  and,  thus,  improve  the 
interlaminar  shear  strength  of  the  composite. 

After  being  surface  treated,  a  small  amount  of  size  (about  1%  by 
weight)  is  added  to  improve  the  carbon  fiber's  wetability.  Normally  this 
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significantly  improves  its  carbon  yield,  the  cellulose  precursor  fiber  is 
oxidized  by  heating  it  in  air  to  temperatures  as  high  as  400°C.  Initially, 
as  the  fiber  is  heated,  the  physically  adsorbed  water  is  desorbed.  As 
heating  continues,  additional  water  is  evolved  due  to  the  reaction  of 
hydroxyl  groups  in  the  cellulose.  Finally,  as  the  cellulose  begins  to 
decompose,  C02,  CO  and  water  are  given  off  and  aromatization  of  the 
structure  begins  (7,  8) .  Because  the  cellulose  polymer  decomposes  as  it  is 
stabilized,  prestretching  or  stabilizing  under  tension  (useful  for  PAN 
precursor  fibers)  is  ineffective  (9) . 

After  being  stabilized,  cellulose  precursor  fibers  are  carbonized  and 
graphitized  in  an  inert  atmosphere  at  temperatures  similar  to  those  used  for 
PAN.  However,  since  the  cellulose  molecules  in  the  precursor  fiber  lose 
most  of  their  axial  orientation  during  pyrolysis,  the  fibers  are  strained  at 
high  temperature  to  increase  the  preferred  orientation  and  improve  the  final 
mechanical  properties.  The  filaments  are  quite  plastic  at  high  temperatures 
and  can  be  stretched  as  much  as  150%.  When  stretched  100%  during 
graphitization  at  2800°C,  fibers  with  a  modulus  approaching  720  GPa  can  be 
formed  (9)  .  However,  if  the  same  fibers  are  graphitized  at  the  same 
temperature,  but  not  stretched,  they  attain  a  modulus  of  only  72  GPa. 

The  overall  yield  for  converting  the  cellulose  precursor  fiber  to 
carbon  fiber  ranges  from  10  to  30%,  compared  to  40-45%  for  PAN  precursor. 
This  low  yield  is  the  direct  result  of  the  low  carbon  content  of  cellulose 
(44%)  and  the  extensive  decomposition  which  occurs  during  stabilization. 
This  low  conversion,  especially  when  coupled  with  the  expense  of  the 
stretch-graphitization,  accounts  for  high  cost  of  rayon-based  carbon  fibers. 
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the  isotropic  pitch.  The  solvent  insoluble  portion  can  be  converted  to  an 
anisotropic  pitch  by  heating  to  between  230  and  400°C  for  less  than  10 
minutes  (12)  .  The  anisotropic,  or  oriented,  phase  is  composed  of  stacked 
polynuclear  aromatic  hydrocarbon  molecules.  These  molecules  tend  to  be 
disc-like  in  shape  with  an  average  molecular  weight  of  about  1000  (although 
the  molecular  weight  can  vary  considerably) .  The  molecular  structure  of  the 
mesophase  produced  from  coal-tar  pitch  is  characterized  by  higher 
aromaticity,  whereas  petroleum-derived  mesophase  has  a  more  open  structure 
caused  by  its  higher  content  of  aliphatic  side  chains  (13) .  Figure  8  shows 
the  structure  of  a  typical  mesophase  molecule.  Initially,  small  spheres  of 
mesophase  form  in  the  isotropic  pitch  when  heated  for  a  adequate  time  at  a 
sufficiently  high  temperature .  Upon  further  heating  the  concentration  of 
mesophase  spheres  increases,  causing  them  to  collide  and  coalesce,  creating 
a  mosaic-like  nematic  liquid  crystal  structure  (14) . 


Insert  figure  8  about  here 


Mesophase  products  which  have  a  high  average  molecular  weight  and  no 
side  groups  or  small  molecular  components  to  cause  disordering  often 
decompose  before  becoming  fluid  enough  to  flow.  Because  of  this,  the 
mesophase  used  to  melt  spin  fibers  is  normally  a  mixture  of  high  molecular 
weight  molecules  which  still  have  a  small  number  of  side  groups.  Therefore, 
commercial  mesophase  precursors  have  certain  characteristics  of  both 
mixtures  and  solutions:  they  soften  over  a  range  of  temperatures  and  orient 
under  an  applied  stress. 

Numerous  studies  of  mesophase  pitches  have  found  that,  in  general, 
their  flow  behavior  is  shear  thinning  at  low  shear  rates  but  approaches 
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Because  of  the  extreme  temperature  dependency  of  mesophase,  fiber 
diameters  can  vary  widely  if  the  spinnerette  temperature  is  not  accurately 
controlled.  Edie  and  Dunham  showed  that  only  a  ±3.5°C  variation  in 
temperature  across  the  face  of  the  spinnerette  can  result  in  a  ±15% 
variation  in  the  diameter  of  the  as-spun  fibers  (15) .  Their  analysis  also 
indicated  that,  even  when  process  conditions  during  spinning  are  controlled, 
the  tensile  stress  in  the  mesophase  filament  is  nearly  one-half  of  its 
ultimate  strength. 

Heat  Treatment  of  Mesophase  Precursor  Fibers 

Oxidation  of  Mesophase  Precursor  Fibers.  After  spinning,  the  pitch- 
based  fiber  must  be  thermoset,  in  a  manner  similar  to  the  PAN  process,  in 
order  to  render  it  infusible.  The  exact  temperature  and  time  required 
depends  on  the  chemical  composition  and  diameter  of  the  mesophase  fiber. 
The  temperature  must  be  below  the  softening  point  of  the  mesophase  in  order 
to  minimize  any  f iber-to-f iber  sticking.  However,  higher  temperatures 
increase  the  rate  of  the  stabilization  reactions,  decreasing  the  time 
required  for  this  step.  Commercially,  the  temperature  selected  for 
stabilization  is  a  compromise  between  minimizing  the  required  time  for  this 
process  step  and  maximizing  the  mechanical  properties  of  the  final  carbon 
fiber.  Typically,  the  as-spun  mesophase  fibers  are  heated  to  temperatures 
of  approximately  300*C  for  a  period  ranging  from  30  minutes  to  2  hours  to  be 
adequately  stabilized  for  final  heat  treatment.  Since  the  as-spun  mesophase 
fiber  already  possesses  a  high  degree  of  molecular  orientation,  applying 
tension  during  stabilization  is  unnecessary. 
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are  CH4  and  H2.  Like  PAN  precursor  fibers,  most  of  these  gases  are  evolved 
below  1000°C.  Thus,  normally  the  stabilized  mesophase  fibers  also  are  pre¬ 
carbonized  for  a  few  minutes  at  900  to  1000°C.  After  precarbonization,  they 
are  carbonized  or  graphitized  at  the  desired  temperature.  Here  again, 
hydrogen  is  the  principal  gas  evolved  above  1000°C.  While  still  not 
extremely  strong,  after  oxidation  the  mesophase  fiber  can  handled  if  the  tow 
is  sufficiently  large.  Thus,  the  ovens  used  to  carbonize  and  graphitize 
mesophase  fibers  are  similar  to  those  used  to  process  PAN  precursor  fibers. 

The  process  used  to  surface  treat  and  size  mesophase  pitch-based 
carbon  fibers  is  similar  to  that  employed  for  PAN-based  fibers.  However, 
since  pitch-based  fibers  are  less  reactive  to  surface  oxidation,  more  severe 
reaction  conditions  are  employed  during  surface  treatment. 


Insert  figure  11  about  here 


Isotropic  Pitch-Based  Carbon  Fibers 

Currently,  a  variety  of  carbon  fibers  is  produced  from  isotropic 
pitch.  However,  unless  these  fibers  undergo  an  expensive  and  difficult 
final  stretch-graphitization  step,  their  modulus  is  an  order  of  magnitude 
less  than  that  of  mesophase  pitch-based  fibers.  While  they  are  useful  for 
applications  such  as  filtration,  asbestos  replacement  and  static 
dissipation,  the  poor  mechanical  properties  of  isotropic  pitch-based  carbon 
fibers  limit  them  to  non-structural  applications.  Therefore,  the 
manufacturing  of  isotropic  pitch-based  carbon  fibers  not  been  included  in 
this  chapter,  and  the  reader  is  referred  to  a  review  by  Edie  ('.5)  for  a 
detailed  discussion  of  this  process. 
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filaments  makes  them  a  potential  carcinogen.  Since  pyrocarbon  deposits  with 
the  basal  planes  parallel  to  the  fiber  surface,  the  fiber  is  highly  oriented 
and  has  a  high  modulus.  Figure  12  shows  a  schematic  of  this  catalyst- 
induced  growth  of  carbon  fibers  (19)  . 


Insert  figure  12  about  here 


Tibbetts  and  coworkers  at  General  Motors  used  this  growth  technique  to 
produce  filaments  with  lengths  of  up  to  30  cm  in  an  atmosphere  of  methane 
and  hydrogen  (19) .  Several  metals,  including  nickel,  cobalt,  iron-nickel 
powder,  '  and  Fe(N03)3,  have  been  employed  as  catalysts  (19,  20,  21).  Even 
though  the  feed  stock  (methane  and  hydrogen)  was  inexpensive  and  process 
temperatures  of  only  100 0°C  were  employed,  the  batch  nature  of  this  process 
used  for  early  studies  made  it  uneconomical  for  commercialization. 

To  overcome  the  low  productivity  of  the  batch  process,  Koyama  and  Endo 
(22)  recently  patented  a  continuous  method  for  producing  vapor-grown  fibers. 
In  their  process  the  catalyst  particles  are  either  incorporated  in  the 
feedstock  or  produced  in  the  reactor  by  the  decomposition  of  a 
organometallic.  A  simple  schematic  of  the  process  is  shown  in  Figure  13. 
The  catalyst  ’and  hydrocarbon  feed  are  introduced  at  the  top  of  the  heated 
reactor,  and  short  fibers  are  continuously  withdrawn  from  the  bottom.  Fiber 
lengthening  and  thickening  can  be  continuously  controlled  by  adjusting  the 
carbon  potential  of  the  gas  within  the  reactor.  The  technique,  which  could 
be  considered  fluidized  catalytic  growth,  allows  carbon  filaments  with 
varying  length,  diameter  and  physical  properties  to  be  continuously 
produced.  If  the  thickening  step  can  be  accurately  controlled  and  the 
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manufacturer  are,  normally,  the  result  of  changes  in  this  temperature. 


Insert  figure  14  about  here 


The  more  perfect  graphitic  structure  of  mesophase  pitch-based  carbon 
fibers,  compared  to  PAN-based  carbon  fiber  accounts  for  their  higher  thermal 
conductivity.  In  fact,  mesophase  pitch-based  fibers  recently  developed  by 
Amoco  Performance  Products,  Inc.  exhibit  a  thermal  conductivity  which  is 
three  times  that  of  copper. 


SUMMARY 

The  precursor  fibers  used  to  produce  current  comnercial  carbon  fibers 
are  produced  by  melt,  melt-assisted  and  solution  spinning.  Since  it 
eliminates  the  problems  of  solvent  recovery  and  produces  a  purer  precursor 
fiber,  melt  spinning  normally  is  the  preferred  fiber  formation  process. 
However,  conventional  melt  spinning  can  not  be  used  for  polymers,  such  as 
PAN  and  cellulose,  which  degrade  below  their  melt  temperature. 
Nevertheless,  melt-assisted  spinning,  a  new  process,  permits  PAN  to  be  spun 
as  a  pseudo-melt.  PAN-based  and  rayon-based  precursor  fibers  are  thermoset, 
carbonized  and  graphitized  in  similar  equipment  and  at  similar  conditions. 
By  comparison,  its  weak  tensile  strength  prior  to  final  heat  treatment  makes 
pitch-based  carbon  fibers  much  more  difficult  to  handle.  Because  of  this, 
special  oxidation  ovens  are  often  employed  for  this  product .  Short  vapor- 
grown  carbon  fibers  represent  the  latest  entry  to  the  high  performance  fiber 
field.  If  health  issues  can  be  adequately  addressed,  some  feel  that  these 
discontinuous  filaments  could  become  a  truly  low-cost  reinforcement  for 


composites . 
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Figure  1.  Monomers  copolymerized  with  acrylonitrile  to  form  PAN-based 
carbon  fiber  precursor. 


Figure  2.  Schematic  of  a  process  for  wet  spinning  PAN  precursor 
fibers  (2) . 


Figure  3.  Flow  Diagram  for  BASF  melt-assisted  spinning  process  (3) . 

Figure  4.  Stabilization  PAN  precursor  summarizing  the  most  frequently 
observed  functional  groups  (5) . 

Figure  5.  Continuous  process  for  oxidizing  PAN  precursor  fibers  (6) . 

Figure  6.  Schematic  of  graphite  resistance  furnace  used  to  continuously 
carbonize  stabilized  precursor  fiber. 

Figure  7.  Molecular  structure  of  cellulose  and  approximate  structure 
during  thermal  degradation  to  carbon  (8) . 


Figure  8.  Typical  polynuclear  aromatic  hydrocarbon  in  mesophase  (13). 


Figure  9.  Schematic  of  a  process  for  melt  spinning  mesophase  precursor 
fibers . 


Figure  10.  On-the-spool  oxidation  of  mesophase  precursor  fibers  (15) . 


Figure  11.  Schematic  of  carbon  resistance  furnace  used  to  carbonize 
mesophase  precursor  fibers. 


Figure  12.  Schematic  showing  fiber  growth  and  thickening  stages  during 
vapor-growth  process. 


Figure  13.  Schematic  of  a  contunuous  process  for  producing  vapor-grown 
carbon  fibers. 


Figure  14.  Tensile  strength  and  modulus  of  various  types  of  carbon  fibers 
(19,  23,  24,  25) .  G  means  the  final  heat  treatment  temperature 
is  above  2000°C,  and  C  indicates  it  is  below  2000°C. 
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ABSTRACT 

The  modulus  and  axial  preferred  orientation  of  meeophase  pitch  fibers,  in  the 
as-spun  condition,  were  determined  for  a  variety  of  spinning  conditions. 
Similar  measurements  were  made  after  thermally  annealing,  oxidatively  thermo¬ 
setting,  carbonizing,  and  heat  treating  the  as-spun  mesophase  pitch  fibers. 
The  relationship  between  the  modulus  and  preferred  orientation  was  analyzed 
in  terms  of  the  elastic  constants  of  graphite  and  a  single  disposable  con¬ 
stant.  The  magnitude  of  this  constant  determines  the  effective  coupling 
between  the  graphitic  basal  planes.  This  has  direct  consequences  on  proper¬ 
ties,  particularly  compressive  strength. 

1 .  INTRODUTION 

The  production  of  high  performance  carbon  fiber  from  mesophase  pitches' is  of 
commercial  interest  for  use  in  fiber  reinforced  composites.  Final  fiber  prop¬ 
erties  are  highly  dependent  on  the  ability  to  axially  orient  the  disc-shaped 
mesophase  pitch  molecules  in  the  precursor  fiber.  Past  efforts  to  improve 
axial  molecular  orientation  often  have  concentrated  on  modifying  the  chemi¬ 
cal  composition  of  the  precursor  pitch.  The  subject  of  this  paper  deals  pri¬ 
marily  with  observing  changes  in  axial  preferred  orientation  (of  the  fiber) 
and  mechanical  properties  after  melt  spinning,  annealing,  stabilization  (ther¬ 
mosetting)  and  carbonization/graphitization. 

2 .  EXPERIMENTAL 

These  studies  were  performed  with  a  mesophase  pitch  made  from  the  solvent 
insoluble  fraction  of  a  heat  treated  cut  of  a  catalytic  cracker  effluent. 
This  distillation  cut,  from  4S4C  to  566C,  was  heat  treated  at  420c.  The  heat 
treatment  time  was  just  short  enough  to  prevent  the  first  visible  formation 
of  mesophase  spheres.  Then,  the  highest  molecular  weight  species  were  removed 
by  precipitation  with  an  addition  of  a  small  amount  of  an  "antisolvent”,  tolu¬ 
ene,  so  as  to  improve  the  rheology  of  the  pitch  for  spinning.  These  insolu¬ 
bles  were  filtered  out  of  the  pitch  and  a  second  precipitation  with  80%  tolu- 

•ATM  Inc.,  5I2OB  Danbury  Road,  New  Milford,  Connecticut  06776,  U.S.A. 
♦•Michelin  America’s  Research  and  Development  Corp. ,  Kichelin  Road,  Green¬ 
ville,  South  Carolina  29605,  U.S.A. 
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ena/20%  heptane  antisolvent  was  performed  and  filtered  to  produce  the  insolu¬ 
ble  mesophase  pitch  fraction  used  in  these  studies. 

Melt  spinning  was  performed  under  a  variety  of  mass  flow  rates,  temperatures, 
spinneret  nozzle  diameter  and  aspect  ratios,  and  take-up  rates.  These  fibers 
were  annealed  for  various  times  up  to  seven  hours  at  temperatures  over  the 
range  180C  to  290C  and  then  stabilized  in  air  at  22SC,  260C  or  290C  to  thermo¬ 
set  the  fibers.  The  fibers  wers  carbonized  to  1000C  or  1500C  and  then  heat 
treated  to  temperatures  as  high  as  2400C  in  argon. 

The  preferred  orientation  of  the  polynuclear  aromatic  rings  or  carbon  basal 
planes  with  respect  to  the  fiber  axis  was  determined  by  x-ray  diffraction 
using  copper  Ka  radiation.  A  bundle  of  fibers  was  used  to  increase  signal  to 
noise  ratio,  and  a  drop  of  a  watting  liquid  was  placed  on  the  bundle,  and 
allowed  to  dry  to  improve  fiber  collimation.  The  mieorientation  of  fibers  in 
the  fiber  bundle  was  generally,  but  not  always,  small  enough  to  have  negli¬ 
gible  effect  on  the  preferred  orientations.  Fiber  misorientation  was  esti¬ 
mated  by  image  analysis.  Together  with  machine  broadening  and  strain/crys¬ 
tallite  broadening,  variance  subtraction  was  used  to  correct  the  observed  half 
width: 


♦  S.  ♦  S. 


where 


observed  peak  half-width  at  half  maximum  intensity 
machine  broadening  for  preferred  orientation 
broadening  due  to  crystallite  size  and  strain 
basal  plane  misorientation  broadening  within  fiber 
fiber-to- fiber  misorientation  broadening. 


Generally,  the  corrections  needed  to  obtain  the  basal  plane  orientation  within 
the  fibers  were  small  compared  to  the  experimental  differences  observed  caused 
by  processing.  The  interlayer  spacing  was  estimated  from  the  002  diffraction 
line  after  correction  for  background  and  Lorentz  polarization.  Crystallite 
size  was  calculated  from  the  Sherrar  formula  after  using  variance  subtraction 
to  correct  for  machine  broadening. 

Mechanical  properties  were  measured  on  the  various  fibers.  Single  fiber  laser 
diffraction,  using  scattering  theory  for  analysis,  was  employed  to  determine 
fiber  cross-sectional  area.  Early  measurements  relied  on  visual  determination 
of  diffraction  minima.  Later  measurements  were  made  using  a  3456  element 
charge  coupled  device  interfacing  with  a  data  acquisition  board  on  an  IBM  AT 
computer,  while  fibers  spun  at  high  elongation  rates  were  nearly  circular, 
others  were  sufficiently  non-circular  that  five  "diameter”  readings  were  made 
at  36°  intervals,  and  the  cross-section  was  calculsted  using  a  polygon  ap¬ 
proximation.  An  odd  number  of  diameter  measurements  was  made  to  eliminate 
problems  with  fibers  which  have  nearly  elliptical,  two-fold  symmetrical  cross- 
sections.  Five  measurements  were  found  to  give  an  acceptably  low  error  for 
the  fibers  measured.  If  all  five  diameter  values  fell  within  the  scatter  of 
the  measurements,  then  a  simple  average  was  taken  of  the  diameters,  and  the 
cross-section  was  calculated  on  the  basis  of  a  circle. 

Carbon  fibers  many  times  have  a  non-linear  stress/strain  curve.  Hence,  the 
modulus  of  the  fiber  depends  on  the  stress  (or  strain).  The  moduli  are  quoted 
for  the  initial  part  of  the  stress-strain  curve,  but  the  data  acquisition  slso 
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allow#  for  a  second  modulus  to  be  meaaurad  at  higher  at raaaaa  over  a  rang# 
•pacified  by  the  taster.  Average  modulus  ovar  the  whola  stress  range  is  also 
calculated.  Strain  was  not  measured  directly,  but  derived  from  cross-head 
displacement  and  machine  compliance  (mostly  caused  by  the  load  cell  and  fibar 
grips).  The  normal  assumption  that  the  value  for  machine  compliance  is  inde¬ 
pendent  of  fiber  type  was  found  not  to  be  true.  However,  the  compliance 
corrections  to  the  modulus  were  small  except  for  the  carbon  fibers  heat 
treated  to  above  2000C. 


3.  RESULTS  AND  DISCUSSION 

3. 1  Melt  Spinning 

The  effect  of  some  primary  melt  spinning  parameters  (VL,  w,  dg,  T  ,  m)  on 
molecular  orientation  was  determined  (Figure  1).  Fiber  take-up  speed,  VL,  was 
varied  from  91m/ sec  to  455m/ sec  with  all  other  conditions  remaining  constant. 
The  increase  in  draw  rate  with  increasing  take-up  winder  speed  was  expected 
to  increase  the  as-spun  preferred  orienta-tion.  However,  in  the  case  of  this 
particular  mesophase  pitch  and  spinning  conditions,  the  opposite  behavior  is 
observed  (Figure  2).  As  the  winding  speed  is  increased,  the  preferred  orien¬ 
tation  and  stack  height  (Figure  3)  decrease  slightly.  At  least  two  explana¬ 
tions  are  possible:  1)  the  increased  density  of  disclinations  which  occur  at 
higher  drawing  rates,  and/or,  2)  the  more  rapid  quenching  of  the  fiber  at 
higher  drawing  rates  freezes  in  the  poorer  orientation  which  is  present  at  the 
•pinning  temperature.  The  decrease  in  orientation  with  increasing  temperature 
is  indicated  in  Figure  4  which  shows  hot  stage  measurements  of  optical  activi¬ 
ty  versus  temperature.  Drawing,  which  occurs  below  the  spinneret  appears  to 
affect  orientation  by  affecting  the  quench  rate.  The  axial  orientation  of  the 
pitch  has  already  occurred  by  the  time  it  exits  the  spinneret. 

Four  groups  of  fiber  were  spun  under  different  mass  throughputs  and  draw 
ratios  (Table  I).  The  purpose  was  to  estimate  the  effects  of  capillary  shear 
rate  and  draw  rate.  If  the  preferred  orientation  and  crystallite  stack  height 
are  platted  as  a  function  of  final  fiber  diameter,  a  similar  trend  is  observed 
as  was  noted  with  winding  speed. 

The  modulus  of  the  fibers  made  at  various  winding  speeds  was  found  to  ba  con¬ 
stant  at  4.0GPA.  This  low  value  indicates  that  ths  modulus  is  determined 

TABLE  I 

Spinning  Parameters  for  T  •  380C 


Group  I 

Group  II 

Group  III 

Group  IV 

Die  Size  (pm) 

200 

397 

397 

1588 

Draw  Ratio 

17 

S .  6 

20.3 

26.8 

Extrusion  Pressure, 
(absolute)  MPA 

1.47 

.17 

.14 

.10 

Avg.  Diameter,  (pm) 

12.0 

46.0 

19.6 

59.2 

mainly  by  molecule  to  molecule  interactions  rather  than  the  stiffness  of  the 
molecules  themselves.  This  may  explain  why  the  increase  in  axial  orientation 
with  decreased  winding  speed  does  not  produce  a  change  in  modulus.  The 
strength  of  the  fiber  decreased  with  increasing  diameter  which  was  consistent 
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with  its  brittle  fracture  characteristic.  Strength  was  38KPA  for  10pm  diame¬ 
ter  fibers  and  decreased  to  16MPA  for  50pm  diameter  fibers. 

3.2  Annealing  of  As-spun  Mesophase  Pitch  fibers 

Although  annealing  may  not  be  an  intended  part  of  fiber  processing,  annealing 
often  occurs  during  or  prior  to  the  stabilization  (oxidation)  of  the  mesophase 
pitch  fiber.  This  is  especially  true  for  larger  diameter  fibers  which  are 
oxidized  for  longer  periods  of  time  often  at  or  above  the  Tg  of  the  unoxidized 
pitch.  The  center  of  these  fibers  often  has  a  more  coalesced  mesophase  micro¬ 
structure  than  the  original  fiber  or  the  more  rapidly  thermoset  outer  regions 
of  the  fiber.  The  annealing  runs  ware  performed  over  the  temperature  range 
of  180C  to  290C  on  10pm  fibers  made  at  high  drawing  rates.  Host  of  the  in¬ 
crease  in  axial  preferred  orientation  occurred  within  the  first  30  minutes  at 
the  glass  transition  (258C)  temperature  or  above  (Figure  5),  but  the  tune  in¬ 
creased  to  60  minutes  at  210C  and  no  change  was  observed  at  180C.  The  final 
equilibrium  preferred  orientation  was  found  to  be  the  same,  for  a  given 
annealing  temperature,  regardless  of  the  initial  preferred  orientation  pro¬ 
duced  by  different  quench  rate  conditions.  Lower  temperatures  produced  a 
larger  orientation  increase  (except  for  180C).  The  annealing  temperature  for 
where  there  would  be  no  improvement  in  axial  preferred  orientation  is  close 
to  the  spinning  temperature  of  380C.  Hence,  unless  quenching  and  dynamic 
orientation  effects  cancel  changes  in  the  orientation  of  the  melt,  drawing 
does  not  add  any  dynamic  orientation.  These  results  again  agree  with  the 
variable  take-up  rate  experiments.  In  this  respect,  this  mesophase  pitch 
behaves  similarly  to  conventional  small  rod-like  liquid  crystal  systems  rather 
than  linear  high  molecular  weight  polymers,  which  do  show  dynamic  ordering. 
Crystallite  stack  height  increased  after  annealing  except  for  the  180C  anneal. 
Both  results  are  what  might  be  expected  from  the  change  in  preferred  orienta¬ 
tions.  The  crystallite  stack  heights  increased  from  about  3.1nm  to  a  plateau 
of  about  3.6nm  after  about  30  minutes  when  the  temperature  was  above  Tg. 
Below  Tg,  at  210c  for  example,  there  was  a  rapid  increase  of  .Bnm  during  the 
first  half-hour,  and  then  a  more  gentle  increase  to  4.lnm  over  the  next  2 
hours.  It  is  surprising  that  the  stack  height  continued  to  increase  at  tem¬ 
peratures  below  Tg  for  longer  times  when  the  preferred  orientation  remained 
constant.  However,  local  orientation  and  stack  height  may  increase  without 
a  large  change  in  overall  preferred  orientation  when  the  overall  preferred 
orientation  is  not  extremely  high. 

In  summary,  axial  preferred  orientation  can  be  increased  by  annealing.  This 
improvement  would  likely  lead  to  higher  modulus  in  the  final  carbon  fiber,  if 
this  improvement  could  be  maintained  through  subsequent  processing.  Yet,  it 
is  unlikely  that  the  higher  modulus  could  be  achieved  unless  the  thermosetting 
process  could  be  carried  out  at  low  temperatures. 

3.3  Stabilization 

A  stabilization  step  is  required  in  pitch  fiber  processing  to  render  the  fi¬ 
bers  infusible  so  that  carbonization  can  be  carried  out  without  fusion  and 
loss  of  fiber  morphology.  Stabilization  is  normally  performed  in  the  220C- 
300C  range  using  oxygen  containing  atmospheres.  One  would  like  to  maintain 
or  improve  preferred  orientation  as  ouch  as  possible  throughout  stabilization. 
However,  preferred  orientation  and  infusibility  are  not  the  only  factors  to 
consider.  Oxygen  concentration  profiles  through  the  cross-section  and  dimen- 
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aional  changes  also  affact  the  final  propertiee. 

Plots  of  axial  preferred  orientation  and  cryatallite  stack  height  aa  a  func¬ 
tion  of  tharmoaatting  temperature  and  time  for  10pm,  high  draw  rate  fibere  are 
preaented  in  Figurea  6  and  7.  For  long  timea  the  apparent  preferred  orienta¬ 
tion  and  cryatallite  stack  height  is  decreasing  for  all  temperatures.  How¬ 
ever,  the  preferred  orientation  for  stabilization  temperatures  above  Tg  (260C, 
290c),  at  the  point  where  the  fibers  are  sufficiently  infusible  to  process  is 
similar  (36°  full  width).  The  oxidation  performed  at  22SC  produces  a  somewhat 
higher  preferred  orientation  at  the  infusibility  point.  Carbon  fibers  made 
from  225C  stabilized  precursors  have  slightly  higher  moduli  than  those  stabi¬ 
lized  at  260C  or  290C. 

Fibers,  annealed  for  2  hours  at  210c,  were  subsequently  stabilized  at  225 C  and 
compared  to  the  unannealed  samples.  Figures  8  and  9  indicate  that  the  dif¬ 
ference  in  preferred  orientation  and  crystallite  stack  height  can  be  main¬ 
tained  to  where  the  fibers  are  infusible. 

3.4  Carbonization 

To  see  if  any  of  the  orientation  differences  between  annealed  and  unannealed 
fibers  (stabilized  at  225C  for  20  hours)  could  be  carried  through  to  the 
carbonized  product,  both  groups  ware  heat  treated  in  an  inert  atmosphere  to 
1000C.  Mechanical  properties  for  both  groups  are  shown  in  Table  11.  Although 
the  annealed  group  has  a  slightly  higher  modulus,  significance  testing  shows 
no  difference  in  diameter,  strength,  modulus  or  strain-to-failure. 

TABUS  II 

Effect  of  Annealing  on  Carbonized  Strength  and  Modulus 

A  -  Annealed  2  hours  at  200C 
U  -  Unannealed 

(Both  groups  stabilized  for  20  hours  at  22SC  and  carbonized  to  1000C-) 

Diameter  Strength  Modulus  Strain-to-Failure 

pm  SPA  CPA  » 

AUAUAU  A  O 


9.2 

10.1 

1.6 

1.4 

173 

136 

1.1 

1.0 

10.2 

9.4 

2.1 

2.3 

143 

169 

1.6 

1.5 

11.2 

10.2 

2.7 

2.2 

177 

145 

1.8 

1.7 

9.8 

10.1 

2.3 

1.9 

171 

155 

1.6 

1.4 

10.2 

10.2 

1.7 

2.2 

160 

180 

1.2 

1.4 

av.  un 

uns 

m 

ITT 

IS? 

157 

T75 

m 

3.5  Heat  Treatment  (Craphitlzation) 

Mesophase  pitch  precursor  fibers  that  had  been  carbonized  to  1500C  were  heated 
in  argon  to  temperatures  from  1600C  to  2400C  with  soak  times  of  1  to  30  min¬ 
utes.  The  axial  preferred  orientation  and  crystallite  stack  height  as  a 
function  of  heat  treatment  temperature  (for  5  minutes)  are  shown  in  Figure  10. 
Crystallite  stack  height  increases  rapidly  above  2000C  due  to  the  increased 
mobility  of  carbon  atoms,  but  the  improvement  in  preferred  orientation  de¬ 
creases.  Since  high  preferred  orientation  is  desired  simultaneously  with 
small  crystallite  stack  height,  a  cross  plot  of  reciprocal  preferred  orienta¬ 
tion  versus  Le  was  made.  Data  showed  little  scatter  for  different  processing 
cycles  from  a  single  line.  Hence  there  was  no  advantage  of  using  a  longer 
time  at  a  lower  temperature  versus  a  shorter  time  at  a  higher  temperature. 
Tensile  strength  and  modulus  increased  smoothly  with  heat  treatment  tempera¬ 
ture  (Figure  11).  The  Reynolds  and  Sharp  modal11’  was  used  to  relate  preferred 
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orientation  to  modulus: 


1/E  *  s^cos**  ♦  ASJ4ainJfcoaJ» 

whara  Su,  SJ4  -  compliances  of  aingle  cryatal  graphite 

a  -  average  cryatallita  orientation. 

A  ia  a  parameter  which  changea  the  model  for  deformation:  A  >  1  for  the 
uniform  atreaa  model,  and  A  »  0  for  the  uniform  atrain  model.  Baaically,  A 
waa  varied  to  fit  the  experimental  data.  A  email  value  for  A  would  indicate 
that  coupling  between  the  baaal  planea  inhibita  ahear,  while  A  »  1  would  indi¬ 
cate  aingle  cryatal  behavior.  (The  other  terma  normally  in  the  eguation  are 
negligible  for  high  preferred  orientationa. )  The  value  of  A  ae  a  function  of 
heat  treatment  temperature  ehowa  a  audden  increaae  above  2000C  (Figure  12). 
Fracture  aurfacea  of  fibers  loaded  in  tenaion  changed  from  a  mirror-hackle 
aurface  to  a  rougher  folded  radial  fracture  aurface  above  2000C.  The  relative 
importance  of  cryatal  stack  height  veraua  preferred  orientation  could  not  be 
aacertained.  An  increaaed  atack  height  might  be  expected  to  increaae  A. 
While  the  equation  for  the  modulua  aaaumea  a  aingle  off-axia  orientation,  a 
fiber  ia  more  cloaely  approximated  by  aaauming  that  each  off-axia  orientation 
ie  balanced  by  an  orientation  of  equal  magnitude  but  opposite  direction  be¬ 
cause  of  symmetry.  Just  aa  in  an  angle-ply  composite  laminate,  thia  increases 
the  modulus  significantly.  The  goal  is  to  make  a  fiber  where  these  oppositely 
oriented  regions  are  close  enough  together  to  obtain  tight  coupling.  Not  only 
does  tight  coupling  increaae  tensile  modulus,  but  the  same  tightly  curved 
basal  planes  provide  better  compressive  strengths. 

4.  CONCLUSIONS 

Overall  axial  molecular  orientation  will  depend  partly  on  "domain”  orientation 
and  on  crystallite  orientation  mesophase  pitch  fibers.  The  axial  orientation 
of  these  domains  ia  nearly  perfect  as  observed  under  polarized  light.  Hence, 
misorientation  occurs  on  a  more  molecular  level.  Molecular  axial  preferred 
orientation  appears  to  be  most  significantly  affected  by  molecular  structure 
and  not  the  process  modifications  studied  in  this  research.  Axial  molecular 
orientation  is  easily  attained  in  the  spinneret,  and  the  actual  orientation 
observed  in  the  as-spun  fiber  is  only  modified  by  quench  rate.  Annealing  the 
as-apun  mesophase  pitch  fiber  improves  axial  preferred  orientation,  which 
could  be  maintained  through  stabilization.  However,  the  modulus  of  carbonized 
fibers  show  no  improvement  due  to  prestabilizstion  annealing.  Finally,  heat 
treatment  of  carbonized  fibers  improves  modulus;  the  asms  heat  treatment  de¬ 
creases  the  coupling  between  basal  planes.  Consequences  of  this  are  twofold: 
1)  a  higher  preferred  orientation  is  required  for  a  given  modulus  and  2)  ten¬ 
sile  and  compressive  strengths  will  be  lower.  Since  this  coupling  can  be  of 
geometrical  origin  as  well  as  by  direct  chemical  bonding,  tighter  basal  plana 
curvatures  introduced  by  spinning  and  pitch  modification  can  be  expected  to 
produce  improved  fibers. 
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1.  INTRODUCTION 


One  of  the  advantages  of  composite  materials  is  that  engineers  can 
tailor  composite  properties  according  to  the  specific  requirements  by 
placing  the  strong  stiff  fibers  in  the  correct  location,  in  the  right 
orientation  and  with  the  right  volume  fraction.  However,  the  modelling 
of  thermomechanical  behavior  and  physical  properties  of  fiber-reinforced 
composite  materials  requires  the  knowledge  of  the  elastic  and  thermal 
properties  of  both  fiber  and  matrix  phases  as  well  as  the  interface 
between  them. The  properties  of  matrix  can  be  measured  from  bulk  materials 
using  conventional  methods.  However,  measurement  of  some  of  the  fiber 
properties,  especially  the  transverse  properties  presents  a  problem  due 
to  the  tiny  dimension  of  fibers.  Moreover,  the  anisotropic  nature  of  some 
fibers  and  the  strong  dependence  of  properties  on  the  porosity  complicate 
the  problem  since  the  measurement  values  scatter  a  lot  and  also  vary 
depending  on  the  direction  of  measurement.  Carbon  fibers  are  the  most 
typical  example  since  the  graphite  single  crystal  is  one  of  the  most 
anisotropic  materials.  In  general,  carbon  fibers  have  been  considered  as 
a  transversely  isotropic  material  as  shown  in  the  transverse  microtexture 
in  Fig.  l(a)-(c).  However,  some  more  recent  high  modulus  pitch-based 
carbon  fibers  show  a  microtexture  (Fig. 1(d))  which  is  not  transversely 
isotropic  and  the  transverse  properties  are  expected  to  depend  on  the 
direction.  For  transversely  isotropic  materials  five  independent  elastic 
constants  are  necessary  to  characterize  the  mechanical  behavior.  Until 
present,  most  of  the  measurements  have  been  restricted  to  the  axial 
elastic  modulus,  very  few  measurements  on  transverse  Young's  modulus  and 
shear  modulus  and  the  axial  Poisson's  ratio  have  been  reported [ 1 , 2 ] 

For  high  temperature  applications,  the  coefficient  of  thermal 
expansion  (CTE)  is  an  important  parameter  to  be  considered.  Thermal 
residual  stress  in  composite  materials  often  occurs  due  to  the  mismatch 
of  CTE  between  fiber  and  matrix  and  between  fiber  and  coating.  For 
ceramic-matrix  composites,  in  general,  the  thermal  expansion  of  the 
matrix  should  be  either  equal  to  or  less  than  the  fiber  thermal  expansion 
to  prevent  matrix  cracking.  The  cracking  results  from  tensile  matrix 
stresses  that  are  generated  upon  cooling  down  from  higher  processing 
temperature [3 ]  .  Residual  stress  is  also  observed  within  the  single  carbon 
fiber  due  to  the  anisotropy  of  CTE  of  graphite  single  crystal [4 , 5] .  Two 
CTEs  need  to  be  measured  in  a  transversely  isotropic  carbon  fiber.  The 
longitudinal  CTE  has  been  measured  using  LVDT[6]  and  other 
methods [7 , 11 , 12 ] .  However,  few  measurements  on  transverse  CTE  have  been 
reported[8-13]  and  the  measured  values  are  also  more  uncertain  due  to  the 
experimental  difficulty.  For  the  anisotropic  transverse  microtexture, 
transverse  CTE  is  expected  to  vary  depending  on  the  direction  CTE  is 
measured.  This  is  confirmed  by  experiment  in  this  report. 

In  this  study,  the  transverse  CTE  of  a  single  carbon  fiber  is 
measured  by  using  a  laser  diffraction  technique  and  a  CCD (charge-coupled 
device)  detector.  The  relationship  between  transverse  CTE  and 
microstructure  is  discussed. 


2.  REVIEW  OF  PAST  WORK 


As  mentioned  before,  very  few  measurements  on  the  transverse  CTE  of 
carbon  fibers  have  been  reported  due  to  experimental  difficulty.  Three 
approaches  were  used  in  the  past.  They  are  :  (1)  derivation  of  fiber  CTE 
from  composite  test  data,  ',2)  direct  measurement  in  a  transmission 
electron  microscope  fitted  with  a  hot  stage,  and  (3)  a  laser  diffraction 
technique.  Van  Schooneveld  and  Dief endor f [ 13 ]  measured  the  transverse  CTE 
of  unidirectional  carbon, epoxy  composites  of  different  fiber  volume 
fractions,  then  extrapolated  to  100%  volume  fraction  and  obtained  a  value 
of  8.8  *  10"  /'C  for  T-3G0  carbon  fibers.  Wagoner  et  ai  [11,12]  measured 
the  elastic  properties  of  fiber/epoxy  unidirectional  composites  and  then 
computed  the  properties  of  fibers  by  the  composite  cylindrical  assemblage 
(CCA)  model  [14].  The  above  composite  approaches  are  indirect  and  the 
reliability  of  the  derived  CTE  value  depends  on  the  accuracy  of 
measurement  on  the  composite  materials  and  on  the  validity  of  theoretical 
model.  Since  it  is  anticipated  that  the  transverse  CTE  will  be  the 
function  of  microstructure ,  it  is  desirable  to  have  a  direct  accurate 
measurement  method  which  will  minimize  the  sources  of  uncertainty  and  to 
relate  the  measured  value  to  microstructure.  Moreover,  as  mentioned 
before  and  shown  in  Fig. 1(d),  the  transverse  microtexture  can  not  be 
considered  always  to  be  transversely  isotropic.  Therefore,  the  use  of 
transversely  isotropic  theoretical  model  to  derive  the  fiber  properties 
is  also  not  appropriate.  However,  the  composite  approach  allows  all  the 
fiber  properties  to  be  computed,  is  self-consistent  and' tends  to  average 
the  properties  of  all  the  fibers  in  the  composite.  Rozploch  and  Marciniak 
[8,9]  carried  out  the  measurement  of  transverse  CTE  with  a  transmission 
electron  microscopy  fitted  with  a  furnace.  The  furnace  temperature  was 
calibrated  against  the  resistance  of  the  heating  element:  and  checked 
against  the  melting  point  of  aluminum.  The  values  they  obtained  (shown 
in  Table  1)  are  larger  compared  to  others  [10-13],  and  some  values  are 
even  greater  than  the  CTE  in  c-axis  of  graphite  single  crystal  which 
seems  unreasonable.  Sheaf fer  [10]  measured  the  transverse  CTE  using  the 
laser  diffraction  technique.  The  fiber  was  resistance  heated  in  a  vacuum 
environment,  and  the  temperature  was  measured  by  a  disappearing-filament- 
type  micro-optical  pyrometer.  However,  the  data  seem  to  scatter  even  for 
the  same  sample.  From  the  comparison  of  data  shown  in  Table  1,  the  data 
are  not  consistent  for  the  different  methods.  For  the  single  filament 
approach,  the  temperature  measurement  of  fiber  contributes  to  the  source 
of  scatter,  and  thermo- induced  twist  of  fibers  is  noted  and  assigned  to 
the  scatter  by  all  the  authors. 


3.  THEORETICAL  BACKGROUND 

3.1  Thermal  Expansion  of  Materials 

Thermal  expansion  of  a  solid  is  a  direct  result  of  the  anharmonic 
vibration  of  the  crystal  lattice.  If  the  vibrations  were  purely  harmonic 
the  mean  positions  of  the  atoms  would  not  change  even  though  the  atoms 
would  vibrate  with  larger  and  larger  amplitudes  as  the  temperature 
increases.  Using  the  quasi -harmonic  approximation,  Gruneisen  [15] 
observed  that  for  a  large  number  of  crystalline  solids,  the  thermal 
expansion  follows  the  following  relationship  known  as  "Gruneisen' s  rule": 


1®. 

Xr  v 
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where 


a  =  linear  thermal  expansion  coefficient 

X-  =  isothermal  compressibility  of  the  solid 

V  =  volume 

C,,  =  specific  heat 

y  =  Gruneisen  constant,  generally  in  the  vicinity  of  2. 

Since  both  y  and  Xt'V  are  weak  functions  of  temperature,  the  value 
of  a  is  nearly  proportional  to  C,  at  all  temperatures,  that  is,  at  high 
temperature,  a  is  nearly  a  constant  and  a  will  decrease  to  zero  as  the 
temperature  tends  to  the  absolute  zero. 


3.2  Thermal  Expansion  of  Carbon  Fibers 

Structural  studies  of  carbon  fibers  [16-20]  indicated  that  carbon 
fibers  have  an  undulating  ribbon  structure  which  consists  of  highly 
oriented  crystallites  of  turbostratic  graphite  with  the  layer  plane  of 
the  crystalline  more  or  less  parallel  to  the  fiber  axis.  There  has  been 
an  extensive  research  effort  to  relate  the  properties  of  polycrystalline 
materials  in  terms  of  the  properties  of  the  single  crystal,  and  in 
general  it  involves  an  anisotropic  factor[21].  Bacon  [22]  was  the  first 
person  to  estimate  this  anisotropic  factor  quantitatively  by  X-ray 
diffraction.  The  anisotropic  function  !(<(>)  is  defined  as,  in  the  case  of 
carbon  fibers,  the  relative  number  of  crystallites  with  their  basal  plane 
at  an  angle  $  to  the  fiber  axis.  The  anisotropic  properties  of 
polycrystalline  materials  then  could  be  related  to  certain  moments  of 
I  ( <t> )  ,  viz 
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By  combining  the  ideas  of  Bacon  [22]  and  Simmons  [23]  who  introduces  the 
constant  A  to  take  into  account  the  porosity  and  state  of  internal 
stresses,  Reynolds  [21,24,25]  suggests  that  the  thermal  expansion 
coefficients  a  and  ax,  parallel  and  perpendicular  to  the  fiber  axis,  are 
given  by 
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where 

a.  =  CTE  of  single  crystal  graphite  in  c-axis, 
a,  =  CTE  of  single  crystal  graphite  in  a-axis, 
I  ,  I;  =  as  defined  in  eq.(2). 


and  A  is  a  parameter  which  takes  into  account  the  porosity  and  internal 


stresses  and  is  defined  as 
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where  a..  is  volume  CTE.  From  the  X-ray  diffraction  measurement  of 
preferred  orientation  (  which  will  be  discussed  in  a  later  section  ) ,  the 
function  I(<J>)  could  be  closely  approximated  by  the  function  cosr<|>.  It 
could  be  shown  that 


j3  _  ],cos^sin34>d<|>_  m+2 
J*cos"$sin<|>c?$  117+3 


Substitute  Eq. (6)  into  Eq.(3)  and  Eq.(4),  we  have 
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where  m  could  be  considered  as  an  index  of  preferred  orientation. 

The  CTE  of  single  crystal  graphite  both  in  c  and  a  directions  have 
been  measured  by  several  researchers  [26-29]  ,and  the  theory  is  developed 
by  Kelly  [30,31]  using  the  Komatsu-Nagamiya  [32]  lattice  dynamics  and  by 
Riley  [33]  following  the  approach  of  Gruneisen  and  Goens  [34].  Using 
Morgan's  analysis  [35]  and  eq. (7)  and  eq. (8),  the  axial  and  transverse 
CTEs  of  both  fiber  and  graphite  single  crystal  as  a  function  of 
temperature  are  computed  and  are  shown  in  Fig.  2(a)  and  2(b).  As  could 
be  seen  in  Fig. 2,  the  axial  CTE  of  fibers  is  close  to  that  of  graphite 
single  crystal,  presumably  because  that  the  layer  planes  are  more  or  less 
parallel  to  the  fiber  axis.  However,  the  transverse  CTE  value  between 
fiber  and  graphite  crystal  is  quite  different  in  terms  of  magnitude,  with 
the  number  for  fibers  being  much  smaller.  In  eq. (8),  transversely 
isotropy  is  assumed;  therefore  the  value  of  transverse  CTE  is  a  combined 
contribution  of  graphite  crystal  in  various  orientations.  For  the 
temperature  range  between  200  C  and  900  C,  the  transverse  CTE  of  single 
crystal  shows  a  decrease  with  temperature,  while  the  transverse  CTE  of 
fibers  shows  a  very  small  increase  with  temperature.  The  theoretical 
analysis  of  Kelly [31]  indicates  that  the  transverse  CTE  becomes  constant 
above  about  1000K  at  -30*10  ’’  K  1  and  he  attributed  the  increase  of 
transverse  CTE  at  higher  temperature  observed  experimentally  to 
excitation  of  optical  modes  and  perhaps  to  the  softening  of  the 
interlayer  interactions  due  to  the  large  expansion  of  the  spacing. 

From  eq. (7)  and  eq. (8) ,  the  axial  and  transverse  CTEs  of  fibers  are 
computed  as  a  function  of  preferred  orientation  for  3  different  A 
constants  and  are  shown  in  Fig.  3(a)  and  3(b).  It  is  shown  from  Fig.  3(a) 
that  the  axial  CTE  is  almost  constant  at  higher  preferred  orientation  and 


is  not  affected  by  porosity  (A  constant) .  The  transverse  CTE  is  also  a 
very  weak  function  of  preferred  orientation  at  higher  preferred 
orientation.  However,  the  value  will  be  affected  by  the  porosity;  a 
higher  A  constant  produces  a  lower  CTE  as  shown  in  Fig.  3(b). 


3.3  Laser  Diffraction  Technique 

Measurement  of  diameter  of  a  thin  wire  using  laser  diffraction  was 
reported  as  early  as  1966  [36] .  Fraunhofer  diffraction  was  used  to 

calculate  the  diameter  from  the  spacing  between  two  minimum  intensity 
locations.  It  was  pointed  out  by  Perry  et  al  [37]  that  the  locations  of 
minima  calculated  from  Fraunhofer  diffraction  are  slightly  different  from 
that  calculated  using  a  more  complicated  scattering  theory  [38] .  However, 
the  data  show  a  lot  of  scatter  and  fail  to  confirm  the  difference 
experimentally.  Perry  et  al  showed  that  there  is  a  difference  of  the 
order  of  1/3  ^  between  laser  diffraction  and  the  optical  projection 
microscope  with  the  laser  value  being  the  smaller,  which  is  contrary  to 
that  predicted  by  scattering  theory.  More  recently,  Li  and  Tietz  [39] 
compared  the  laser  diffraction  and  SEM  values  which  were  calibrated  using 
the  NIST  standard  SRM484B.  Their  results  showed  that  the  laser  diameter 
is  about  5%  larger  than  the  corresponding  SEM  diameter.  The  two  theories, 
Fraunhofer  diffraction  and  scattering  theory,  which  are  used  to  interpret 
the  laser  diffraction  phenomenon  will  be  reviewed  briefly  in  the 
following  sections. 

3.3.1  Fraunhofer  Diffraction 

Consider  a  rectangular  slit,  with  dimensions  d  in  width  and  1  in 
length,  in  an  opaque  plate.  A  laser  beam  passes  through  the  slit  with 
normal  incident  angle  as  shown  in  Fig. 4.  According  to  Fraunhofer 
diffraction,  the  intensity  1(0)  at  the  observation  point  will  be  [40] 

r(0)-jo(^i)2  (9) 


where 

B  =  (rcd/X)  sinG, 

A.  =  wavelength  of  the  laser, 

0  =  angle  between  observation  point  and  center  point  O, 
lQ  =  intensity  at  the  center  of  the  diffraction  pattern. 

It  can  be  shown  that  [40] 
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where  8r,  is  the  distance  between  the  two  nth  minimum  intensity  nodes. 
Therefore  the  slit  width  can  be  calculated  by 


If  S  >>  8n  ,  which  is  satisfied  for  the  first  minimum  (n=l)  if  the 
distance  S  is  large,  then  eq.(ll)  becomes 


(12) 


Using  Babinet ' s  principle  [41],  the  diffraction  intensity  of  a  single 
slit  is  the  same  as  its  complementary  screen  :  a  rectangular  bar  with  the 
same  dimensions  as  the  slit.  The  diffraction  for  this  rectangular  bar  is 
used  to  approximate  the  diffraction  of  a  single  fiber.  Therefore,  the 
fiber  diameter  can  be  calculated  by  eq. (11)  or  eq.(12). 


3.3.2  Scattering  Theory 

Assuming  the  fiber  is  a  perfect  cylinder  with  circular  cross-section 
and  has  infinite  refractive  index  (i.e.  the  fiber  is  totally  reflecting), 
and  if  the  incident  laser  beam  is  in  TM  mode  and  perpendicular  to  the 
fiber  axis,  then  the  far-field  scattering  intensity  is  given  by  [38] 
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where 

Ic  =  intensity  of  the  incident  laser  beam, 
k,  =  2k/X, 

0  =  scattering  angle, 

s  =  distance  between  fiber  and  detector, 
a  =  rtdf/X, 

bn  =  scattering  coefficient  =  Jr  (a)  /H„  (a)  , 

Jn  =  Bessel  function  of  first  kind  of  order  n, 

Hn,JI  =  Hankel  function  of  second  kind  of  order  n 
=  Jn  -  iYn, 

Yn  =  Bessel  function  of  second  kind  of  order  n. 

In  the  later  section,  the  diameter  calculated  from  Fraunhofer 
diffraction  will  be  compared  to  that  from  scattering  theory  and  the 
experimental  results. 


4.  EXPERIMENTAL  SETUP  AND  PROCEDURES 

4 . 1  Experimental  Technique  and  Setup  for  Transverse  CTE  Measurement 

There  are  a  variety  of  methods  developed  to  measure  the  CTE  of  a 
solid,  for  examples,  the  push-rod  dilatometer,  twin-telemicroscope 
method,  optical  interferometric  techniques,  X-ray  diffraction  etc. 
[42,43].  Although  some  of  these  methods  are  very  accurate,  they  are  not 
suitable  for  the  measurement  of  fibers  due  to  the  tiny  diameter  of 
fibers.  The  laser  diffraction  technique,  which  has  been  used  to  measure 
the  diameter  of  the  fiber,  seems  to  be  a  natural  candidate  to  be 
considered  and  is  proven  to  be  a  good  one.  Although  the  fiber  diameter 
change  is  only  0.05  ji  for  a  500  C  temperature  change,  for  a  10  4  fiber 
with  a  CTE  of  10*10  "  /  C,  it  corresponds  to  a  minimum  intensity  location 
shift  of  about  10 Oja.  for  a  35  cm  distance  between  fiber  and  detector  which 
is  large  enough  to  be  measured.  In  order  to  measure  the  intensity  change 
over  such  short  distances,  a  CCD  (charge-coupled  device)  detector  (Texas 
Instruments  type  TC104-1)  is  used.  The  CCD  detector  is  very  sensitive  to 
light  intensity  and  has  3456  sensor  elements  with  a  distance  between 
pixels  of  10.7  |i  which  allows  the  determination  of  locations  in  the 
micron  range. 

The  design  of  the  vacuum  furnace  is  shown  in  Fig.  5.  An  optically 
polished  square  quartz  cell,  which  was  designed  to  be  used  for  UV 
spectrophotometer,  was  used  as  the  furnace  body  and  the  nickel -chromium 
wire  with  a  diameter  of  0.0126  in.  was  used  for  a  heating  element.  The 
quartz  cell  was  fitted  into  a  vacuum  chamber  made  of  brass.  The  purpose 
of  vacuum  is  to  prevent  the  oxidation  of  carbon  fibers  at  high 
temperature.  The  vacuum  chamber  is  water  cooled,  and  a  K-type 
thermocouple  with  Inconel  sheath  was  used  and  hooked  up  to  a  temperature 
controller  to  control  the  temperature.  The  "dum-dum",  which  is  generally 
used  as  a  sealing  material  for  vacuum  bags  in  the  fabrication  of 
composite  laminates,  was  used  as  the  sealing  material  between  the  quartz 
cell  and  vacuum  chamber. 

The  single  carbon  fiber  is  mounted  on  a  graphite  piece  as  shown  in 
Fig.  6  using  alumina  fiber  based  high  temperature  cement.  Before  testing, 
they  were  heated  to  66.5  C  for  4  hours  to  cure  the  cement.  Two  holes  were 
drilled  in  the  graphite  piece  with  one  in  0  degree  and  another  in  90 
degree  position  which  allowed  the  measurement  of  CTE  in  two  directions 
perpendicular  to  each  other.  Small  alumina  tubes  were  put  before  the 
graphite  piece  for  precise  positioning.  The  length  of  the  alumina  tubes 
was  adjusted  carefully  for  the  0  and  90  degree  graphite  piece  orientation 
to  make  sure  that  the  fiber  and  the  thermocouple  were  in  the  same 
position  for  both  directions.  A  He-Ne  laser  with  20  milliwatt  power  was 
used.  The  signal  from  the  CCD  detector  was  offset  and  amplified,  and  a 
PC-AT  personal  computer  was  used  for  the  data  acquisition  and  processing. 

4.2  X-Ray  Diffraction 

A  Scintag  XRD2000  X-ray  diffractometer  was  used  for  wide-angle 
diffraction  experiments.  Either  quartz  or  silicon  was  used  as  a  standard. 
CuKa  radiation  was  used  and  the  KP  radiation  was  removed  using  a  single¬ 
channel  pulse-height  analyzer  to  increase  the  peak/background  ratio.  For 
the  preferred  orientation  measurement,  a  transmission  azimuthal  stage  was 
used  which  allows  an  intensity  scan  in  the  <|>  direction  as  shown  in  Fig. 7. 
A  well  annealed  graphite  crystal  was  used  as  the  standard  to  determine 
the  instrumental  broadening.  The  fiber  bundle  sample  is  mounted  on  an 
aluminum  ring  one  inch  in  outside  diameter  which  was  then  fitted  into  the 


transmission  stage.  Special  care  was  taken  to  align  the  fibers.  For  those 
fibers  without  surface  treatment,  alignment  is  not  easy  and  small  amount 
of  epoxy  resin  was  used  to  hold  the  fibers  together.  For  preferred 
orientation  measurement,  the  Bragg  angle  was  determined  first,  and  after 
fixing  the  incident  X-ray  beam  and  detector  both  at  the  Bragg  angle,  the 
azimuthal  scan  then  provided  the  information  about  the  orientation 
distribution  of  the  graphite  layer  planes.  The  accuracy  of  determination 
of  Bragg  angle  is  not  critical  to  the  preferred  orientation  measurement, 
therefore,  no  correction  procedures  were  made  on  the  determination  of 
Bragg  angle.  Shen  [44]  pointed  out  that  there  is  a  slightly  difference 
in  the  preferred  orientation  when  using  the  integrated  intensity  method 
instead  of  using  the  peak  height  method.  For  the  integrated  intensity 
method,  the  intensity  versus  20  scan  is  made  at  each  0  angle  and  the  peak 
area  is  measured  instead  of  simply  measuring  the  peak  height  at  each  0 
angle  as  in  peak  height  method.  The  difference  is  larger  for  higher 
modulus  fibers  and  a  difference  as  large  as  2  degrees  (8.9%  error)  in  the 
preferred  orientation  was  measured.  However,  the  procedure  is  too  time- 
consuming  and  not  practical  for  large  numbers  of  specimens. 

4.3  Scanning  Electron  Microscopy 

The  transverse  microtexture  is  investigated  using  a  JEOL  848 
scanning  electron  microscopy  with  a  15  kv  or  20  kV  accelerating 
potential.  The  sample  was  coated  with  a  thin  layer  of  gold  using  a 
sputtering  apparatus  under  vacuum  with  a  pressure  of  0.069  torr  to 
minimize  charging  effect.  Different  sputtering  time  was  tried  to  reduce 
the  thickness  of  gold  coating  in  order  to  make  sure  that  gold  coating 
would  not  affect  the  observed  microstructure. 

4.4  Image  Analysis 

A  Zeiss  optical  microscope  with  an  image  analysis  system  was  used 
to  measure  the  cross-sectional  area  of  carbon  fibers. 


5.  RESULTS  AND  DISCUSSIONS 

5.1  Diameter  Measurement  of  fiber  materials 

Strength  measurement  of  carbon  fibers  often  shows  a  lot  of  scatter. 
One  of  the  reasons  has  been  attributed  to  the  error  associated  with  fiber 
diameter  measurement.  In  general,  four  techniques  are  used  to  determine 
the  diameter  or  cross-sectional  area  of  the  fibers.  They  are  :  (1)  SEM, 
(2)  optical  microscopy,  (3)  image  analysis,  and  (4)  laser  diffraction. 
Although  SEM  could  obtain  quite  accurate  measurement,  it  requires  tedious 
calibration  and  sample  preparation  procedures.  It  was  pointed  out  by 
Lundgren  et  al  [45]  that  optical  measurements  normally  overestimate  the 
value  of  diameter  due  to  diffraction  effects  at  the  fiber  edge.  Also  the 
resolution  is  lower  in  optical  microscopy.  Several  difficulties  are 
associated  with  image  analysis.  First,  the  fiber  must  be  positioned 
perpendicular  to  the  surface  of  epoxy  mount,  and  the  position  also  needs 
to  be  maintained  during  polishing.  It  is  often  difficult  to  determine  the 
boundary  between  fiber  and  matrix  which  therefore  over-  or  underestimates 
the  fiber  cross-sectional  area.  Also  the  edge  of  the  fiber  sometimes  will 
chip  off  during  polishing.  In  this  case,  the  area  is  underestimated. 
Compared  to  the  above  three  methods,  laser  diffraction  technique  is  more 
convenient  and  the  resolution  is  high  enough  to  determine  the  transverse 
CTE  which  will  be  discussed  in  the  later  section.  However,  the  accuracy 
of  the  technique  has  been  questioned.  As  mentioned  before.  Perry  et  al 


[37]  pointed  out  the  difference  of  diameter  derived  from  the  Fraunhofer 
diffraction  approximation  and  scattering  theory.  However,  the  scatter  of 
data  fails  to  confirm  that  experimentally.  Several  reasons  could 
attribute  to  the  error,  such  as  non-uniform  diameter  along  the  fiber 
axis,  non-circular  cross-section  and  non-clean  surface  due  to  other 
materials  or  particles  attached  which  causes  non-clean,  overlapping  or 
multiple  diffraction  patterns.  Fig. 8 (a)  and  (b)  show  the  experimental 
data  of  the  variation  of  cross-sectional  area  and  apparent  diameter  along 
the  fiber  axis.  The  area  was  measured  using  image  analysis  and  the 
apparent  diameter  is  calculated  by  assuming  a  circular  cross-section.  In 
the  following  section,  Fraunhofer  diffraction  and  scattering  theory  will 
be  compared  and  comparison  of  experimental  data  with  theories  will  be 
discussed. 

5.1.1.  Comparison  of  Fraunhofer  Diffraction  and  Scattering  Theory  with 
Experimental  data 

Comparison  of  Fraunhofer  diffraction  and  scattering  theory  as  shown 
in  Fig.  9  indicates  that  the  minimum  intensity  locations  are  different 
between  the  two  approaches,  and  as  the  distance  away  from  the  center  of 
diffraction  pattern  increases,  the  difference  also  increases.  Therefore, 
the  diameter  calculated  from  the  Fraunhofer  diffraction  (eq.(ll)  or 
eq.  (12))  will  not  be  the  same  as  the  diameter  from  scattering  theory, 
with  the  Fraunhofer  diffraction  diameter  being  larger.  Numerical  results 
for  different  diameter  fibers  show  the  percentage  difference  decreases 
with  increasing  fiber  diameter  as  shown  in  Fig.  10.  It  is  noted  that 
depending  on  eq. (11)  or  eq. (12)  is  used,  the  percentage  error  is  also 
different  as  shown  in  Fig. 10.  The  distance  S  between  fiber  and  detector 
has  very  little  effect  on  the  results.  The  experimental  data  on  P55x 
fibers  are  shown  in  Fig.  11  using  the  Fraunhofer  approximation.  Since  the 
cross-section  of  the  fiber  is  oval-shaped,  five  measurements  made  at 
every  36  degree  around  the  fiber  were  made  for  each  fiber  sample,  and 
polygon  method  was  used  to  calculate  the  cross-sectional  area  [46,47]. 
The  area  calculated  by  using  the  average  diameter  of  five  measurements 
was  also  computed  and  compared  to  the  polygon  method.  The  results 
indicated  that  a  simple  average  of  diameters  will  overestimate  the 
apparent  diameter.  The  average  error  was  0.32  Jim  in  this  experiment. 
Although  the  image  analysis  also  involves  some  error  as  mentioned  before 
and  not  the  same  location  on  the  fiber  was  measured  in  these  two 
approaches,  the  diameter  from  polygon  method  is  statistically  larger  than 
the  diameter  from  image  analysis  as  shown  in  Fig.  11  with  an  average  0.26 
Jim  larger.  From  calculation  using  scattering  theory,  the  diameter  from 
Fraunhofer  diffraction  will  be  0.35  Jim  larger.  Recently,  Li  and  Tietz 
[39]  compared  the  laser  diffraction  and  SEM  values  which  were  carefully 
calibrated  using  the  NIST  standard  SRM484B.  Their  results  also  showed 
that  the  laser  diffraction  diameter  using  the  Fraunhofer  approximation 
is  about  5%  larger  than  the  SEM  diameter.  Therefore,  it  seems  to  indicate 
that  the  diauieter  from  scattering  theory  is  closer  to  the  true  diameter 
although  certain  assumptions  also  are  made  in  the  scattering  theory. 

A  more  careful  calculation  using  scattering  theory  indicates  that 
the  spacing  between  minimums  is  not  equal  to  each  other.  The  spacing  is 
larger  for  higher  order  diffraction,  that  is,  A8:  >  A8i  >  A80  as  shown  in 
Fig. 12.  This  was  also  confirmed  by  experiment  and  the  result  is  shown  in 
Table  2.  Therefore,  depending  on  which  distance  between  minimums  is  used, 
the  diameter  calculated  using  Fraunhofer  diffraction  will  be  different. 
It  is  also  noted  that  depending  on  whether  eq.(ll)  or  eq. (12)  is  used, 
the  diameter  calculated  is  also  quite  different  as  shown  in  Table  2.  The 
diameter  calculated  using  eq.(ll)  is  increased  for  higher  order 


diffraction,  however,  the  diameter  calculated  using  eq.(12)  is  decreased 
for  higher  order  diffraction.  A  more  complete  calculation  for  3  different 
diameter  fibers  (4,  10,  and  20  Jim)  using  scattering  theory  indicated  that 
the  percentage  error  produced  using  eq. (11)  and  eq. (12)  is  different  and 
in  the  opposite  directions  for  higher  order  diffraction,  i.e.  eq.(ll) 
results  in  a  larger  error  and  eq.(12)  results  in  a  smaller  error  for  a 
higher  order  diffraction  as  shown  in  Fig.  13.  The  difference  is  larger 
for  smaller  diameter  fibers.  As  shown  in  Fig.  13,  the  error  is  from 
+  12.5%  when  using  eq.(ll)  to  -21.7%  when  using  eq.(12)  for  a  4  p.m 
diameter  fiber  when  4th  minimum  location  is  used. 

As  shown  in  Fig.  12,  the  distances  St,  8.,  etc,  could  not  be  measured 
precisely  in  the  current  experimental  setup,  therefore  only  eq. (12)  could 
be  used.  Also  only  AS,  or  A8:  will  be  measured  instead  of  AS0  as  shown  in 
Fig.  12,  which  has  advantage  for  a  10  pm  fiber  since  the  error  percentage 
is  more  cl<~3e  to  zero  when  using  A8;  or  AS  as  shown  in  Fig.  13.  A  closer 
look  at  the  data  of  Li  and  Tietz  [39]  in  which  higher  order  diffraction 
was  used  seems  quite  consistent  with  the  above  analysis. 

5.2  Transverse  Microtexture 

The  transverse  microtexture  of  Amoco  P-series  pitch-based  carbon 
fibers  was  studied  using  SEM.  Some  of  the  results  are  shown  in  Fig. 15. 
The  mechanical  properties  of  those  fibers  are  shown  in  Table  3.  It  must 
be  pointed  out  that  the  number  is  somewhat  different  from  the  results 
tested  in  our  laboratory.  The  difference  for  P55  fibers  is  also  shown  in 
Table  3.  In  our  measurement,  four  different  gauge  lengths  (1,  2,  3,  and 
4  in)  were  used  and  at  least  ten  samples  were  tested  for  each  gauge 
length.  Since  the  slope  of  stress-strain  curve  as  shown  in  Fig. 14 
increases  gradually,  secant  method  was  used  to  determine  the  modulus. 
From  the  modulus  values  for  different  gauge  length,  the  compliance  of  the 
test  machine  was  determined  and  the  modulus  corrected  for  machine 
compliance  was  deduced.  Fig. 15(a) , (b) , (d) , (e) , (f) ,  and  (g)  were  obtained 
from  the  bending  fractured  surfaces  of  fiber  bundles.  The  fiber  bundles 
had  been  set  into  epoxy  resin  and  then  broken  by  bending.  Fig. 15(c)  and 
(h)  were  obtained  from  the  tensile  fractured  surface  of  a  single  carbon 
fiber.  In  these  cases,  a  single  carbon  fiber  was  mounted  horizontally  on 
the  grip  of  a  home-made  single  filament  tensile  testing  apparatus  and  a 
glass  slide  was  positioned  underneath  the  fiber  very  closely  but  without 
touching  the  fiber.  A  few  drops  of  glycerin  was  then  applied  onto  the 
glass  slide  and  covered  the  carbon  fiber.  The  fiber  was  then  broken  by 
tension.  The  broken  ends  will  be  kept  inside  the  glycerin  after  the 
testing.  They  were  then  removed,  cleaned,  and  dried.  A  gold  coating  was 
applied  for  the  observation  in  SEM.  It  was  noted  that  the  use  of  glycerin 
to  catch  the  fractured  ends  does  not  affect  the  modulus  and  strength 
results.  It  was  also  noted  that  the  broken  locations  vary  from  near  the 
grip  (few  samples)  to  the  center  of  the  gauge  length,  presumably  because 
of  the  flaw  distribution  and  ,  in  the  case  of  grip  failure,  due  to  stress 
concentration. 

As  shown  in  Fig. 15(a),  no  obvious  transverse  microtexture  could  be 
seen  for  P25  fibers  which  is  more  or  less  similar  to  that  of  PAN-based 
carbon  fibers.  Two  kinds  of  transverse  microtextures  were  observed  in  P55 
fibers  for  two  different  batches  of  P55  fibers.  The  P55x  fiber 
(Fig. 15(c))  has  an  oriented-core  microtexture,  and  the  P55s  fiber 
(Fig. 15(b))  has  a  random  structure  in  the  core  and  a  radial  texture  in 
the  sheath.  The  particle- like  structure  in  the  Fig. 15(c)  is  probably  due 
to  too  much  gold  coating.  An  elliptical  flaw  near  the  surface  can  be  seen 
in  this  tensile  fracture  surface,  which  happened  quite  frequently  (around 


5  out  of  10  samples)  in  this  particular  batch  of  P55x  fibers.  Both 
surface  and  internal  flaws  were  observed.  Although  the  diameter 
distribution  is  particularly  wide,  ranging  from  9  to  18  |i,  for  this  batch 
of  P55s  fibers,  the  cross-section  of  all  the  fibers  appears  to  be 
circular.  However,  the  P55x  fibers  with  an  or iented-core  microtexture 
show  an  elliptical  shape  cross -sect ion .  As  will  be  shown  in  the  later 
section,  the  P55s  fibers,  which  has  a  more  or  less  transversely  isotropic 
microtexture,  show  about  the  same  transverse  CTE  tested  in  two  directions 
perpendicular  to  each  other.  However,  the  or iented-core  microtexture  of 
P55s  fibers  results  in  a  high  anisotropy  of  transverse  CTE. 

It  has  been  reported  that  shrinkage  during  graphitization  occurs 
preferentially  along  the  c-axis  and  results  in  oriented-core  fibers  with 
an  oval-shaped  cross-section  [48],  As  the  graphitization  temperature 
increases,  radial  cracks  in  the  as-spun  fiber  split  and  develop  into  a 
PAC-man  shaped  cross-section  [48,49].  As  shown  in  Fig. 15 (d) , (e)  and  (f), 
as  the  fiber  modulus  increases,  i.e.  graphitization  temperature 
increases,  the  microtexture  becomes  oriented-core  structure,  and  the 
sheet-like  structure  is  more  developed.  Also,  the  cross-section  becomes 
oval-shaped  with  the  oriented-core  along  the  longer  diameter  of  the 
cross-section.  A  schematic  plot  of  the  oriented-core  structure  after  Fitz 
Gerald  et  al  [50]  is  shown  in  Fig.  16  which  shows  the  basic 
characteristics  although  some  variations  in  details  may  appear  for 
different  fibers  as  can  be  seen  in  Fig. 15.  If  we  define  the  ellipticity 
as  the  ratio  of  long  diameter  and  short  diameter,  the  ellipticity  of 
those  oriented-core  fibers  is  in  the  range  of  1.05-1.15.  Obviously,  these 
fibers  are  not  transversely  isotropic  and  anisotropy  of  transverse  CTE 
was  also  observed  in  this  study  and  will  be  discussed  in  the  later 
section. 

A  crack  through  the  oriented-core  region  and  along  the  fiber  axis 
can  obviously  be  seen  in  Fig. 15(f)  of  a  P120x  fiber.  This  indicates  that 
the  crack  is  more  likely  to  propagate  along  the  sheet-like  structure, 
which  is  also  why  the  fracture  surface  of  the  sheet-like  structure  is 
generally  not  flat,  but  has  the  sheet-like  texture  sticking  out  up  and 
down  out  of  the  fracture  surface  as  shown  in  Fig. 15(e)  and  (f).  For  the 
lower  modulus  fiber,  the  sheet-like  texture  is  not  well  developed  and  the 
fracture  surface  is  relatively  flat  as  shown  in  Fig. 15 (a)  and  (c)  of  P25 
and  P55  fibers.  It  is  noted  that  the  fracture  surface  on  the  compression 
side  is  flatter  than  that  of  tension  side  as  shown  in  Fig. 15(f)  of  a 
P120x  fiber  broken  in  bending.  Crack  propagation  along  the  fiber  axis 
parallel  to  the  sheet -like  texture  is  more  pronounced  in  the  tension 
failure  than  in  the  flexural  failure  as  shown  in  Fig.  15(h)  of  a  P130x 
fiber  failed  in  tension.  This  type  of  failure  causes  an  unique  fracture 
surface  which  is  not  only  unflat  but  also  has  a  protrusion  with  a  length 
as  long  as  several  times  fiber  diameter.  Again,  for  lower  modulus  fibers, 
the  fracture  surface  is  relatively  flat  as  shown  in  Fig. 15(c)  of  P55 
fiber  even  though  failed  in  tension.  Although  this  sheet-like  structure 
is  the  reason  why  pitch-based  carbon  fibers  could  achieve  higher  modulus, 
it  is  also  why  the  strength  is  not  increased  proportional  to  the  modulus 
since  the  crack  could  easily  propagate  across  the  width  of  a  sheet, 
therefore  the  strength  is  more  sensitive  to  any  flaws  and  inperfections. 
A  cross-section  with  the  PAC-man  shape  was  observed  for  some  of  the  P130x 
fibers.  As  shown  in  Fig. 15(g),  the  sheet-like  texture  is  well  developed, 
and  the  fiber  has  a  radial  textuie.  However,  a  closer  look  at  the  tip  of 
the  notch  and  following  the  texture  of  the  sheet,  it  is  noted  that  the 
split  occurred  from  the  oriented-core  which  also  shrank  more  and  has 
smaller  spacing  between  sheets.  A  void  also  could  be  seen  on  the  fracture 
surface . 


5.3  X-Ray  Diffraction 

Both  wide-angle  X-ray  diffraction  and  preferred  orientation  using 
an  azimuthal  transmission  stage  were  studied  for  Amoco  P-series  pitch- 
based  carbon  fibers.  Some  of  the  results  are  shown  in  Fig.  17  and  Fig. 
18.  The  same  fiber  bundles  which  were  mounted  on  an  aluminum  ring  as 
described  in  section  4.2  were  used  for  both  studies.  As  shown  in  Fig.  17, 
it  is  obvious  that  when  the  modulus  decreases,  the  (002)  peak  was  shifted 
to  the  smaller  diffraction  angle,  therefore  the  d-spacing  between  basal 
planes  increases.  Also  the  shape  of  (002)  peak  becomes  broader  as  the 
modulus  decreases,  indicating  the  decrease  of  crystalline  size.  For  low 
modulus  P25  fibers,  only  a  very  broad  (002)  peak  was  observed,  no  (004) 
peak  could  be  seen,  due  to  very  low  crystallinity.  Two  examples  of 
preferred  orientation  measurement  were  shown  in  Fig.  18(a)  and  (b)  for 
P55x  and  P120  fibers.  Obviously,  the  modulus  increases  as  the  preferred 
orientation  increases.  The  relationship  between  fiber  modulus  and 
preferred  orientation  for  Amoco  P-series  fibers  is  shown  in  Fig.  19.  in 
Fig.  19,  the  preferred  orientation  is  interpreted  as  the  full  width  at 
half  maximum  intensity  ( FWHM)  in  the  intensity  distribution  function 
I  ( <t> )  .  No  corrections  in  FWHM  were  made  in  Fig.  19. 


5 . 4  Measurement  of  Transverse  CTE 

Transverse  CTE  of  several  carbon  fibers  were  measured  using  a  laser 
diffraction  technique  and  two  CCD  detectors.  The  furnace  design  and 
experimental  setup  were  shown  in  Fig.  5  and  described  in  section  4.1.  A 
single  fiber  was  mounted  onto  a  graphite  piece  (Fig. 6)  using  an  alumina 
fiber  based  high  temperature  cement  only  in  one  end  since  the 
incompatibility  of  CTE  between  graphite  piece  and  the  fiber  will  cause 
the  fiber  to  buckle  upon  cooling  down  from  high  temperature  if  the  fiber 
was  mounted  in  both  sides.  The  other  advantage  of  mounting  the  fiber  only 
in  one  side  is  that  it  also  eliminates  the  transverse  dimensional  change 
of  the  fiber  due  to  Poisson's  effect  which  is  a  result  of  thermal  stress 
due  to  the  mismatch  of  CTE  between  fiber  and  graphite  piece.  This 
dimensional  change  could  be  as  high  as  10%  compared  to  that  due  the 
thermal  expansion  under  some  experimental  conditions,  although  some 
optimization  could  be  made  to  reduce  the  error  percentage.  The 
disadvantage  of  mounting  fiber  only  in  one  side  is  that  the  fiber 
position  could  be  shifted  or  rotated  due  to  the  CTE  mismatch  among  the 
fiber,  graphite  piece  and  alumina  cement.  This  movement  of  fiber  causes 
the  shift  or  rotation  of  diffraction  pattern,  which  turns  out  to  be  the 
source  of  experimental  error,  since  the  alignment  between  CCD  and  the 
diffraction  pattern  is  very  important  due  to  the  tiny  photosensitive 
area  of  each  CCD  element  (only  10.7*10.7  urn-)  .  Fortunately,  the  error  is 
not  severe  under  some  experimental  conditions  and  could  be  corrected  by 
using  two  CCD  detectors  on  both  sides  of  the  diffraction  pattern. 

Since  the  experiment  is  sensitive  to  the  fiber  movement  and  any 
other  movements  of  the  furnace  or  CCD  detectors,  in  order  to  make  sure 
this  does  not  happen  during  the  thermal  cycle,  continuous  heating  is  not 
adapted.  Instead,  each  time  the  fiber  was  heated  to  certain  temperature, 
it  was  cooled  down  to  room  temperature,  and  the  room  temperature  diameter 
was  measured  to  make  sure  that  the  room  temperature  diameter  was  not 
shifted  between  each  heating  cycle  due  to  any  movement  or  oxidation.  It 
had  been  cited  by  several  researchers  [8,9,10]  that  twist  occurs  when  the 
fiber  was  heated.  If  this  is  so,  then  it  will  show  up  on  the  diameter 
measurement  at  higher  temperature  if  the  fiber  cross-section  is 
elliptical.  The  room  temperature  diameter  will  also  tend  to  vary  between 


each  heating  cycle.  This  seems  to  be  not  the  case  from  our  experiments, 
at  least  for  most  of  the  fibers. 


As  shown  in  Fig. 12,  the  distance  between  the  first  pair  minima  6 
could  not  be  measured  very  accurately  because  of  the  experimental  setup. 
However,  the  change  of  5,  upon  heating  could  be  determined  very  precisely 
from  two  CCD  detectors.  For  the  diameter  measurement,  the  distance 
between  first  and  second  minimum  intensity  locations  A8,  (=  (8-  -  8- ) 12) 
is  measured.  As  shown  in  section  5.1.1,  there  is  a  slightly  difference 
between  A8 ,  and  A8; ,  however,  it  could  be  corrected  using  scattering 
theory  and  has  only  small  effect  on  the  final  CTE  values.  Therefore,  the 
CTE  with  respect  to  the  room  temperature  could  be  calculated  from  eq. (12) 
as  : 


IS  ,  _  XS  . 
Ad  dT-da  A61TAlT  ~A&7  1 

dQ  J£.a 

A8:  1 


(14) 


where 

d,.  =  diameter  at  temperature  T, 
d,  =  diameter  at  room  temperature, 

X  =  wavelength  of  laser, 

S  =  distance  between  fiber  and  CCD  detector, 

A  =  correction  factor  for  diameter  using  Fraunhofer  diffraction 
eq. ( 12 ) . 

Since  the  diameter  change  is  very  small  (in  the  range  of  0.01  -  0.15  )im)  , 
A1T  =  Aj.  Therefore 


a- 


AfiiT 


(15) 


In  the  experiment,  we  measured  -  8:T) /2  instead  of  (ASt  -  A81X)  due  to 
the  much  higher  resolution  in  first  minimum.  However,  the  difference  is 
small  and  also  could  be  corrected  using  scattering  theory  and  has  very 
small  effect  on  the  final  result.  It  must  be  noted  that  the  distance 
between  fiber  and  detector  is  not  needed  in  order  to  calculate  the  CTE 
since  it  canceled  out  in  eq.  (14).  This  eliminates  the  error  due  to 
measurement  of  S.  This  error  will  become  more  pronounced  at  smaller 
distance  S. 

The  result  for  a  P75s  fiber  is  shown  in  Fig.  20.  In  order  to  test 
the  reproducibility  of  the  experiment,  several  runs  were  made  on  the  same 
fiber  at  same  or  different  temperature.  As  shown  in  Fig.  20,  the 
reproducibility  in  general  is  quite  good  considering  the  very  small 
dimensional  change  and  the  experimental  difficulties.  A  best-fit  straight 
line  was  drawn  through  the  data  since  the  CTE  is  relatively  constant  for 
the  temperature  range  tested  as  shown  in  Fig.  2(b).  The  fit  of  the  data 
to  a  straight  line  in  general  is  quite  good,  although  some  data  at  the 
same  temperature  show  large  scatter  due  to  the  movement  of  fiber  as 
mentioned  before.  It  must  be  noted  that  the  data  of  run  #b  was  taken  from 
measurement  of  only  one  CCD  detector,  which  are  not  accurate  for  most 


experiments  since  the  resolution  of  second  minimum  is  not  good  compared 
to  first  minimum  and  the  location  of  second  minimum  is  also  more  likely 
to  be  affected  by  the  rotation  of  the  diffraction  pattern.  The  CTE  value 
for  this  particular  P75s  fiber  is  about  15.9*10'"  /  C  which  is  higher  than 
12.5*10'"  /‘C  obtained  by  Wagoner  et  al  [11,12]  as  shown  in  Table  1.  The 
data  of  Wagoner  et  al  is  closer  to  the  prediction  by  eq.(8)  where  the 
fiber  is  assumed  to  be  transversely  isotropic.  However,  this  is  not  the 
case  for  P75s  fibers  as  shown  in  the  transverse  microtexture  in  Fig. 
15(d),  and  CTE  anisotropy  is  expected.  Therefore,  it  is  not  surprised 
that  the  high  CTE  value  was  obtained  considering  the  high  CTE  anisotropy 
in  the  graphite  single  crystal.  Moreover,  the  value  is  still  quite  low 
compared  to  the  graphite  crystal  CTE  in  the  c-axis  (=  27*10"'  /'C)  since 
the  graphite  layer  planes  are  not  all  oriented  in  the  same  direction.  The 
porosity  in  the  fiber  will  also  lower  the  transverse  CTE  value  as  shown 
in  Fig.  3(b).  Fig.  21  shows  the  result  for  a  P120  fiber.  The  CTE  value 
is  about  5.7*10"’  /C  which  is  much  lower  than  that  of  P75s  fiber.  The 
data  show  more  scatter  compared  to  that  of  P75s  fiber  which  is  probably 
partly  due  to  the  low  CTE  value.  Fig.  22  shows  another  result  of  a  P120 
fiber.  The  CTE  was  measured  in  two  directions  perpendicular  to  each  other 
as  described  before.  High  CTE  anisotropy  was  observed  in  this  sample  with 
one  CTE  about  6.16*10  "  rc  and  the  other  CTE  about  17."»3*10's  /°C.  The 
anisotropy  factor  is  2.88.  A  result  for  P55x  fiber  which  has  an  oriented- 
core  microstructure  is  shown  in  Fig.  23.  Although  the  data  for  0  degree 
position  runs  show  a  lot  scatter,  the  CTE  anisotropy  can  still  be 
distinguished  easily.  The  CTE  for  0  degree  position  is  about  5.47*10‘6  /°C 
and  the  CTE  for  90  degree  position  is  about  13.88*10'6  /°C.  The  anisotropy 
ratio  is  2.54.  Comparison  of  the  results  between  P55x  and  P120  seems  to 
indicate  that  as  the  modulus  increases,  the  higher  transverse  CTE 
anisotropy  is  developed  although  current  data  are  not  enough  to  draw  this 
conclusion.  Also,  the  current  experimental  setup  only  allows  the  CTE 
measurement  in  two  perpendicular  directions,  therefore  whether  or  not  the 
anisotropy  factor  obtained  is  the  highest  value  is  a  question.  The  P55s 
fiber  which  has  about  the  same  modulus,  but  with  a  transversely  isotropic 
microtexture  as  shown  in  Fig.  15(b),  was  tested  in  order  to  compare  with 
P55x  fibers  which  have  an  oriented-core  microstructure.  The  result  is 
shown  in  Fig.  24.  Although  not  identical,  the  P55s  fiber  shows  very  close 
transverse  CTEs  in  both  directions  with  one  about  12.64*10'-  /°C  and  the 
other  about  11.47*10  '”  /'C.  This  is  very  consistent  with  the  transversely 
isotropic  microtexture  and  the  values  are  also  in  excellent  agreement 
with  that  obtained  by  Wagoner  et  al [11, 12]  as  shown  in  Table  1.  Fig.  25 
shows  the  result  for  a  P100  fiber  tested  in  two  locations  along  the  fiber 
length.  Two  different  CTE  values  were  obtained.  One  is  about  13 . 82* 10'V 'C 
and  the  other  about  8.35*10'”  /°C.  Two  possible  reasons  could  be  used  to 
explain  that.  First,  it  is  possible  that  a  large  void  exists  in  one 
location  which  will  decrease  the  CTE  value.  The  other  explanation  is  that 
the  direction  of  transverse  texture  rotates  along  the  fiber  length. 

It  is  predicted  by  eq.(8)  that  the  transverse  CTE  is  a  very  weak 
function  of  preferred  orientation  as  shown  in  Fig.  3(b).  However,  no 
experiment  was  attempted  due  to  the  availability  of  fibers  with  the  same 
transverse  microstructure  and  different  modulus.  Also  the  void  content 
is  unknown  which  has  appreciable  effect  on  the  CTE  value.  Assuming  same 
porosity  content  and  residual  stress  state,  the  fiber  with  a  radial  and 
a  onion  skin  microstructure  should  have  the  same  transverse  CTE  since  the 
percentage  of  basal  plane  oriented  in  all  directions  is  the  same  for  both 
fibers.  Again,  no  experimental  confirmation  was  made  due  to  the 
availability  of  samples  with  onion  skin  structure  and  the  lack  of 
knowledge  of  porosity  and  residual  stress  state. 


6.  CONCLUSIONS  AND  FUTURE  WORK 


Transverse  coefficients  of  thermal  expansion  of  carbon  fibers  were 
measured  successfully  using  a  laser  diffraction  technique  and  two  CCD 
detectors.  The  measured  value  is  well  correlated  to  the  transverse 
microtexture  in  a  qualitative  way.  The  CTE  values  of  fiber  with 
transversely  isotropic  microtexture  are  close  to  the  value  predicted  by 
the  Reynolds'  model  and  could  be  predicted  semiquant itatively  if  the 
constant  A  which  takes  into  account  of  porosity  and  residual  stress  is 
known.  More  experiments  are  needed  to  draw  a  conclusion  that  whether  or 
not  the  increase  of  modulus  increases  the  transverse  CTE  anisotropy  in 
high  modulus  pitch-based  carbon  fibers.  An  experimental  setup  which 
allows  the  rotation  of  the  fiber  is  more  desirable  in  this  investigation. 
It  is  also  more  helpful  in  terms  of  modelling  of  transverse  CTE.  The 
effects  of  void  content  and  residual  stress  on  the  transverse  CTE  remain 
a  question  due  to  the  experimental  difficulty  in  characterizing  them, 
particular  for  a  single  fiber.  Although  small  angle  scattering  has  been 
used  to  characterize  the  microporosity,  it  is  a  macroscopic  approach. 
Finally,  experimental  evidences  indicate  i  uat  the  diameter  from 
scattering  theory  is  more  likely  to  be  the  true  diameter,  while  the 
diameter  calculated  from  the  Fraunhofer  diffraction  approximation  is 
overestimated.  A  correction  could  be  made  for  the  diameter  calculated 
from  Fraunhofer  diffraction  approximation.  However,  more  experimental 
support  is  necessary. 
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Refer  to  the  original  paper  for  detai 
Table  1.  Coefficient  of  Thermal  Expansion  of  Various  Fibers 


Distance 

Diameter 

Distance 

Diameter 

from 

calculated 

from 

Calculated 

Scattering 

from  Fraunhofer 

Experiment 

from 

Theory 

Approximation 

(cm) 

Fraunhofer 

(cm) 

(micron) 

Approx . 

Eq ( 12 )  Eq(ll) 

Eq. (12) 

Center 

0.97 

8.318  8.342 

1  min. 

0.98 

8.233  8.371 

1.00687 

8.01315 

2  min . 

1.005 

8.028  8.408 

1.03683 

7.78160 

3  min . 

1.045 

7.721  8.456 

1.11387 

7.24339 

.4  min. 

1.095 

7.368  8.527 

5  min. 

1.175 

6.867  8.604 

6  min. 

1 

Table  2.  Comparison  of  Scattering  Theory  (8  micron  fiber, 
S  =  12.75  cm)  and  experiment. 


Fiber 

Modulus 

(GPa) 

Strength 

(GPa) 

Density 
(mg/rri ) 

P2  5 

170 

1.3 

na 

P55 

379 

1.9 

2  . 

00 

428  (*) 

1.92  (*) 

na 

P7  5 

490 

1.89 

na 

P75S 

524 

1.75 

2  . 

00 

P100 

765 

2.41 

2  . 

16 

P120S 

827 

2.2 

2  . 

18 

P13  Ox 

923 

2.87 

2  . 

19 

{*] Tested  in  our  laboratory. 


Table  3.  Properties  of  Amoco  P-series  Fibers [50]. 


Transverse  dTE(*lE-06/C) 


2.0 


Temperature  (K) 

(a) 


Temperature  (K) 

(b) 


Fig.  2(a)  Axial  CTE  as  a  Function  of  Temperature. 

(b)  Transverse  CTE  as  a  Function  of  Temperature. 


Transverse  CTE(*lE-06/d)  Axial  CTE(*1E  06/  C) 


Fig.  4.  Single  Slit  Fraunhofer  Diffraction. 


Fig.  7.  Preferred  Orientation  Measurement  by  X-Ray 
Diffraction . 
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Intensity  (Arbitr.ry  unit)  Intensity  (Arbitr.ry  unit) 


Distance  (cm) 

(a) 


Distance  (cm) 


(b) 

Fig.  9  (a)  Comparison  Between  Fraunhofer  Diffraction 
and  the  Scattering  Theory. 

(b)  As  in  (a)  Except  the  Intensity  Axis  is  in 
Log  Scale. 
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Fig.  10.  Percentage  Error  of  Diameter  Calculated  from  Fraunhofer 
Diffraction  Approximation. 
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Fig.  11.  Comparison  of  Diameter  Measurement  Using 
Laser  Diffraction  and  Image  Analysis. 


Fig.  12.  A  Schematic  Diagram  of  Laser  Diffraction  Experiment 
Setup . 


No.  of  Minimum  U0ed 


Fig.  13.  Percentage  Error  of  Diameter  Calculated  from 
Fraunhofer  Diffraction  Using  Higher  Order 
Oiffraction  Minimum. 
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Fig.  15.  SEM  Photographs  of  Transverse  Microstructure 
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Schematic  Transverse  Microstructure  of  an 
Oriented-Core  Fiber  :  C  for  Chaotic,  G  for 
Girdle,  and  T  for  Transitional  Regions [50] 
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Fig.  17. 


X-Ray  Dif f ractograms  for  Pitch-Based 
Carbon  Fibers. 
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Fig.  18.  Preferred  Orientation  Measurement  of 

(a)  P55x  Fiber 

(b)  P120  Fiber. 
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Fig.  20.  Thermal  Expansion  of  a  P75s  Fiber. 
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Fig.  21.  Thermal  Expansion  of  a  PI 20  Fiber. 
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Ffg.  22.  Thermal  Expansion  of  a  P120  Fiber. 
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Fig.  23.  Thermal  Expansion  of  o  P55x  Fiber. 
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Fig.  24.  Thermal  Expansion  of  a  P55s  Fiber. 
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Fig.  25.  Thermal  Expansion  of  o  P100  Fiber. 
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Abstract 

Titanium  diboride  appea  to  be  an  attractive  candidate  for  a 
high  temperature  reinforcing  fiber  for  intermetallic  matrix 
composites.  Titanium  diboride  has  high  modulus,  reasonably  low 
density,  a  moderate  thermal  expansion  coefficient  and  is 
thermodynamically  compatible  with  a  number  of  potential 
intermetallic  matrices.  However,  there  is  considerable  disagreement 
in  the  literature  about  its  high  temperature  creep  behavior.  This 
work  was  performed  to  prepare  TiBj  fibers  for  evaluation  of 
mechanical  behavior  using  chemical  vapor  deposition.  A  simplified 
finite  element,  dynamic  analysis  model  is  used  to  describe  the 
chemical  vapor  deposition  of  titanium  diboride  fibers  in  a  cold 
wall  reactor  at  atmospheric  pressure.  The  gas  mixture  considered  is 
titanium  tetrachloride,  boron  trichloride,  hydrogen,  and 
hydrochloride.  A  description  of  the  model  and  the  computer  program 
algorithm  and  subroutines  are  described.  The  application  of  this 
model  to  study  the  effect  of  deposition  parameters  on  TiB2  growth 
and  the  mechanism  of  rate  limiting  processes  is  discussed.  For  the 
mass  transport  rate  limited  process,  the  rate  limiting  mechanism 
changes  from  exhaustion  of  BC13  and  TiCl4  at  high  dilution,  to  slow 
BClj  and  TiCl4  diffusion  at  moderate  concentrations,  to  slow  HC1 
diffusion  away  from  the  fiber  surface  at  high  reaction 
concentrations . 

Kev  words :  Modeling,  CVD,  Titanium  diboride,  fibers,  finite 
element. 


1 


1.  Introduction 


TiB2  is  a  high  temperature  material  with  melting  point  near 
3000°C.  The  retention  of  its  room  temperature  strength  and  elastic 
modulus  to  temperatures  as  high  as  1500°Cl  and  the  absence  of  any 
plastic  deformation  up  to  1700°C2-3  make  it  an  excellent  candidate 
for  consideration  as  a  creep  resistant,  high  strength  fiber.  In 
addition,  the  relatively  high  CTE  of  TiB2  of  8.7  X  10“6  °C‘l  in  the 
temperature  range  of  25  to  750°C*  makes  it  an  excellent  match  with 
low  CTE  metallics  such  as  Inconel  903  and  marginal  with  other 
higher  CTE  IMC  matrices.  In  addition  to  physical  compatibility, 
TiB2  is  chemically  compatible  with  many  intermetal  lies  such  as 
titanium  aluminides,  nickel  aluminides ,  and  molybdenum  disilicide5. 

The  properties  of  TiB2  depend  strongly  on  the  process  used  and 
in  the  case  of  CVD  on  the  process  parameters  and  deposit  quality. 
For  example,  the  elastic  modulus  is  reported  to  be  as  low  as  261 
GPa6  and  as  high  as  810  GPa7.  Similarly  the  room  temperature 
strength  can  be  as  high  as  4.9GPa7  for  chemically  vapor  deposited 
TiBj  and  much  lower  for  differently  processed  TiB22',_l1.  A  third 
example  is  the  creep  resistance.  At  General  Atomic  creep  was 
registered  at  temperatures  as  low  as  800°C  while  at  Union  Carbide 
creep  was  unmeasurable  to  1450eC.  Finally,  the  stability  of 
chemically  vapor  deposited  TiB2  depends  strongly  on  the  deposition 
parameters . 

These  considerations  highlight  the  importance  of  the 
processing  method  used  to  produce  the  fiber.  Given  the  power  and 
versatility  of  CVD,  attempts  to  develop  TiB2  fibers  were  made  only 
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represents  a  good  medium  for  modeling  and  understanding  what 
happens  in  the  gas  stream  on  a  molecular  level.  The  modeling  is 
compared  to  experimental  runs  that  were  made  to  produce  TiB2 
fibers.  The  results  and  discussion  presented  in  this  paper  axe 
geared  towards  widening  this  understanding  so  that  process 
optimization  is  achieved  with  the  least  experimental  tests.  The 
structure  and  properties  of  the  TiB2  fiber  will  be  presented  in  a 
subsequent  paper. 

2 .  Description  of  the  model 

The  model  consists  of  dividing  the  vertical  reactor  into 
equally  sized  horizontal  disks  from  top  to  bottom,  each  extending 
from  the  fiber  at  its  axis  to  the  inside  of  the  tube.  Figure  1. 
Each  of  these  disks  is  in  turn  divided  into  concentric  rings,  with 
the  first  ring  located  around  the  fiber  and  the  last  ring  adjacent 
to  the  tube  wall.  Any  cross  section  taken  through  the  fiber  axis 
would  result  in  the  same  element  architecture  of  Figure  1, 
regardless  of  the  orientation  9.  Therefore,  the  model  is  treated 
as  a  2-D  model.  The  reactant  gases  enter  the  reactor  at  the  top 
and  exit  from  the  bottom.  The  following  assumptions  are  made  in 
this  model: 

a.  The  gas  flows  with  a  uniform  velocity  across  the  tube,  ie. 
plug  flow. 

b.  The  fiber  diameter  is  very  small  compared  to  the  first  ring 
diameter . 

c .  The  reactant  gases  are  perfectly  mixed  as  they  enter  the 
reactor. 
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temperature.  The  SOLVESYST  subroutine  then  solves  for  the  gas 
fluxes  and  the  new  gas  concentrations . 

The  above  steps  covering  all  disks  are  repeated  for  a  time 
period  equal  to  the  residence  time  of  the  fiber  segment  inside 
disk#l.  Then  the  fiber  is  moved  down  the  reactor  through  a  step 
equals  to  the  disk  thickness,  and  the  same  procedure  mentioned 
above  is  repeated.  This  goes  on  until  the  top  fiber  segment  that 
started  at  disk#l  exits  the  reactor.  At  this  stage,  steady  state 
conditions  are  assumed  to  have  been  established,  and  the  program  is 
ended.  The  following  section  describes  the  function  of  each 
subroutine  in  detail. 


3.2.  Subroutine  FIBERTEMP 

This  subroutine  calculates  the  fiber  and  tube  wall 
temperatures  given  the  fiber  diameter,  heating  power,  gas  average 
thermal  conductivity,  convective  heat  coefficient  (h)  outside  the 
tube,  and  tube  diameter.  The  computations  are  based  on  two 
equations . 

Fourier  equation; 


Q 


2  it  k  l  (r,-r.) 

in<£> 


in 


where  Q  *  heat  input  to  the  fiber 

k  3  gas  average  thermal  conductivity 
L  >  Heated  fiber  length 
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Substituting  equation  (2)  and  rearranging: 


in(_°_) 

aiaiti4i 


where  d  is  the  Tiber  diameter  resulting  in  a  fiber  temperature  Tt, 
dg. initial  is  the  inlet  fiber  diameter  which  is  equal  to  the  substrate 
diameter,  TVilnltltl  is  the  wall  temperature  found  from  equation  (2), 
and  T.  is  room  temperature  (293°K). 

3.3.  Subroutine  TEMPGRAD 

For  a  specific  disk  i,  this  subroutine  calculates  the 
temperature  at  each  ring  assuming  an  exponential  temperature  drop 
of  100 ( 1-w) %  of  (Te-T„)  at  a  distance  equal  to  fD/2  where  w  and  f 
have  assumed  values  of  0.5  and  0.1.  w  and  f  are  scaling  factors 
between  0  and  1.  This  translates  into  a  50%  temperature  drop  a 
distance  from  the  fiber  equal  to  one  tenth  the  tube  radius .  The 
governing  equation  is  given  by: 

Tt  -  (Tt-Tv)  exp(2f_-I£_)  +  T„  (4) 

where  r  is  the  radial  distance  from  the  fiber.  This  subroutine 
also  calculates  the  distance,  r eff,  from  the  fiber  where  the 
temperature  equals  750° C  -the  thermodynamic  temperature  at  which 
the  Gibbs  free  energy  of  formation  of  TiB,  from  H,,  BClj,  and  TiCl4 
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(xi  nj  -  xj  N.) 


(5) 


?*,  -  £ 


c  0 


where 

n  =  number  of  gaseous  species  considered  (n»4) 
xt=  mole  concentration  of  specie  i  (mol/m1) 

Nj.*  net  flux  of  specie  i  relative  to  stationary  coordinates 
(mol/sec  .m2) 

c  =  total  species  concentration  in  the  reactor  (mol/m3) 

D13=  Binary  diffusion  coefficient  of  species  i  and  j  (m2/sec) 
Subroutine  DIFFCOEF  calculates  the  diffusion  coefficients  D13  as  a 
function  of  ring  temperature.  In  order  to  provide  the  program  with 
a  simple  function  of  D13  as  a  function  of  temperature  to  minimize 
computing  time  it  was  necessary  to  simplify  equation  (6)  to  a 
polynomial. 


D 


U 


'AM 


0.0018583 


Tin  f0 

p  oi,  q, 


(6) 


where 

Ou  *  diffusivity  (m2/sec) 

Ma  ■  molecular  weight  of  specie  A 
M,  ■  molecular  weight  of  specie  B 
P  *  total  pressure  ( 1  atm) 
oM  J*  collision  diameter  (A)  *  (Oab+o**) /2 

f0  *  a  small  second  order  correction  factor ,  which  is  close  to 
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iii.  Finally,  the  value  of  Q0,  as  a  function  of  kT/e0  from  the 
literature13,  is  fit  to  the  following  equation: 


exp( -0.105 


0.28 


0.0035  —  +  0.744 

e0 


(9) 


Tables  1  and  2  summarize  the  values  of  o  and  e0/k  for  the  different 
species  considered  as  well  as  the  diffusivity  of  each  one. 
Finally,  subroutine  DIFFCOEF  calculates  a  modified  diffusivity 
K13=l/ ( 2cDtJ )  which  will  be  used  by  the  subroutine  SOLVESYST  and  will 
lead  to  further  reduction  in  computing  time. 

3.6.  Subroutine  SOLVESYST 

For  the  four  gaseous  species  considered  and  diffusion  between 
rings  j  and  j+1  in  disk  i  the  Stephan-Maxwell  equation  (5)  reduces 
to  a  set  of  four  equations  with  four  unknowns.  To  let  the  computer 
solve  this  system  of  equations  for  the  unknowns  Nw  N2,  N3,  and  N« 
would  increase  the  execution  time  drastically.  Since  this  system 
involves  only  four  equations  it  was  solved  analytically  for  Nt's. 

The  function  of  this  subroutine  is  to  calculate  the  amount  of 
each  specie  transferred  between  the  two  adjacent  rings  during  the 
time  step  TSTEP .  TSTEP  is  calculated  from  real  physical 
parameters,  and  hence  it  is  not  picked  at  random.  The  time  the  gas 
spends  in  each  disk,  TSPO,  equals  the  total  time  the  gas  spends  in 
the  reactor  divided  by  the  number  of  disks.  The  total  time  is 
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rings  across  the  deposition  tube.  The  number  of  iterations 
required  increases  quadratically  with  the  number  of  rings  according 
to : 

niter  -  0.288  ATj  -  2.162  Ne  +  12.77 

In  order  to  appreciate  the  length  of  time  it  takes  the  program  to 
go  through  one  run  the  real  running  time  (not  the  CPU  time)  is 
plotted  versus  the  number  of  rings  for  a  fiber  speed  of  190m/min 
( 7480in/min)  in  an  IBM  RISC  Powerstation  320,  Figure  4.  To 
duplicate  the  experimental  runs  which  are  typically  performed  at 
fiber  speeds  around  .28  m/min  (llin/min)  and  a  tube  diameter  of  one 
inch  -requiring  40  rings-  152  days  of  running  time  are  needed.  The 
same  program  with  identical  initial  conditions  was  run  on  the 
University  of  California  Cray  supercomputer,  and  it  was  found  to  be 
only  eleven  times  faster  than  the  RISC  workstation. 

The  times  mentioned  above  are  based  on  computational 
convergence.  For  physical  convergence  to  be  achieved  even  smaller 
elements  (disks  and  rings)  and  a  larger  number  of  iterations  must 
be  used.  This  in  turn  increases  the  running  time  even  further,  and 
exponentially . 

The  above  time  constraints  put  obvious  limitations  on 
duplicating  experimental  runs.  Therefore,  the  following  section 
will  focus  mainly  on  the  qualitative  aspects  of  the  results. 
Although,  quantitative  analysis  with  respect  to  species 
concentration  gradients  is  potjible. 
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concentrations  occur  in  the  top  quarter  of  the  tube.  This  matches 
perfectly  with  what  was  observed  in  all  experiments,  namely,  more 
than  60%  of  the  TiB2  deposit  occurs  in  the  top  quarter  of  the  tube. 
A  practical  benefit  from  these  conclusions  is  that  one  may  inject 
BC13  and  TiCl«  at  different  locations  along  the  tube  to  increase  the 
deposition  rate.  However,  experimental  results12  showed  that 
turbulence  must  be  avoided  so  that  a  smooth  and  strong  coating 
deposits . 

The  results  pertaining  to  the  formation  of  HC1  also  give  a 
good  insight  into  the  process  characteristics.  By  looking  at  the 
HCl  concentration  profiles,  at  first  look,  one  cannot  rule  out  the 
possibility  of  HCl's  diffusion  away  from  the  fiber  being  a  rate 
limiting  step  in  the  deposition  of  TiB2.  The  fact  that  curve  5  is 
above  curve  1  across  the  entire  tube,  and  especially  near  the 
fiber,  suggests  that  HCl  forms  at  a  faster  rate  than  it  diffuses  to 
the  bulk  stream.  This  build  up  may  be  preventing  BC13  and  TiCl* 
molecules  from  diffusing  to  the  region  surrounding  the  fiber. 
Hence,  HCl  diffusion  would  be  the  real  limiting  step.  This 
argument  cannot  be  correct  because  as  the  HCl  concentration 
approaches  uniformity,  BC13  and  TiCl*  molecules  still  cannot  diffuse 
to  the  fiber.  Therefore,  the  initial  net  build  up  of  HCl  near  the 
fiber  must  be  caused  by  the  fast  TiB2  deposition  rate  in  the  top 
quarter  of  the  tube  rather  than  by  a  low  diffusion  rate  to  the  bulk 
stream. 

The  local  minimum  in  hydrogen  concentration  at  the  inlet  of 
the  reactor  suggests  again  that  the  hydrogen  responds  very  fast  to 
what  happens  near  the  fiber,  but  not  fast  enough  for  the  molecules 
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Considering  the  ratio  of  fiber  speeds  of  about  40  and  the  fact  that 
most  deposition  occurs  in  the  top  quarter  of  the  reactor,  the  final 
fiber  diameter  predicted  by  the  model  should  be  even  smaller.  This 
means  that  the  model  overestimates  the  overall  deposition  rate. 
There  are  a  few  reasons  why  this  may  be  true.  First,  it  is  assumed 
that  the  thermodynamic  efficiency  is  100%.  Second,  this  efficiency 
is  valid  at  all  temperatures  inside  the  previously  mentioned 
(section  3.3)  cylinder  of  radius  reff;  ie.  all  the  BC13  and  TiCl« 
molecules  satisfying  the  two-to-one  ratio  condition  react  to  form 
TiB2,  regardless  of  how  close  to  750° C  the  temperature  is.  This 
problem  can  be  fixed  by  integrating  the  SOLGASMIX  program  in  the 
model.  Finally,  TiClj  which  is  a  major  by-product  of  the  system 
has  not  been  taken  into  account.  The  formation  of  large  amounts  of 
TiCl}  and  its  deposition  on  the  tube  wall  would  decrease  the 
effective  titanium  containing  species  that  can  diffuse  to  the  fiber 
surface. 

Although  the  model  correctly  predicted  the  increase  in 
deposition  rate  with  inlet  temperature,  it  could  not  predict  the 
increase  in  deposition  rate  observed  experimentally  at  higher  tube 
diameters.  The  reader  is  referred  to  elsewhere12  for  a  detailed 
discussion  of  this  point  which  is  related  to  the  geometry  of  the 
deposition  tube. 

S.3.  Effect  of  B:Ti  ratio 

Figure  9  shows  a  plot  of  the  average  deposition  rate  (total 
deposit  thickness  divided  by  residence  time)  versus  BsTi  ratio.  As 
expected,  on  both  sides  of  the  stoichiometric  B:Ti  ratio  the 
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BC13  and  TiCl4  diffusion  at  moderate  concentrations.  Figure  5.7,  to 
a  slow  HC1  diffusion  away  from  the  fiber  surface  at  low  hydrogen 
concentrations.  Figure  11.  The  humps  present  in  the  HC1  profiles 
at  low  dilution  are  indicative  of  resistance  to  HC1  diffusion 
resulting  from  the  highly  concentrated  gas  mixture  with  BC13  and 
TiCl4.  The  HCl  concentration  peaks  at  18  mol/m3  near  the  fiber  at 
low  dilution  versus  1.2  mol/m3  at  high  dilution.  Although  hydrogen 
concentration  is  lowered  appreciably,  its  small  size  allows  it  to 
diffuse  to  the  fiber  surface  relatively  fast  to  replace  the 
consumed  hydrogen  molecules,  Figure  11. 

6.  Conclusion 

The  power  of  the  developed  model  in  describing  qualitatively 
the  rate  limiting  mechanisms  at  different  conditions  is 
substantiated  by  the  consistency  of  the  conclusions  drawn  from 
totally  different  experiments.  However,  the  model  fell  short  of 
predicting  some  aspects  of  the  CVD  process  such  as  the  codeposition 
of  boron  because  of  the  lack  of  thermodynamic  aspects  that  could 
have  been  added  through  integrating  SOLGASMIX  in  the  model . 
Unfortunately,  the  long  execution  times  of  the  program  at  present 
made  such  a  merge  unpractical.  Also,  overestimating  deposition 
rates  could  probably  be  fixed  through  considering  other  neglected 
important  species  such  as  TiCl3.  Finally,  for  the  mass  transport 
rate  limited  process,  the  rate  limiting  mechanism  changes  from 
exhaustion  of  BC13  and  TiCl4  at  high  dilution,  to  slow  BC13  and  TiCl4 
diffusion  at  moderate  concentrations,  to  slow  HCl  diffusion  away 
from  the  fiber  surface  at  high  reactant  concentrations. 
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Figure  1.  Finite  element  model  showing  a  typical  mesh. 


Table  1 


of  constants  used  for  estimating  diffusion  coefficients. 


M 

c(A) 

e0/k  (°K) 

2.002 

2.827 

59.7 

117.191 

5.127 

337.7 

189.728 

5.854' 

495.3" 

36.459 

3.339 

344.7 

*  Estimated  from  equation  (7) 
**  Estimated  from  equation  (8) 


l  •  Polynomial  coefficients  for  the  diffusivities. 


D«  =  at1  +  bT  +  c 

a 

b 

c 

5.626755x10* 

0.005801 

-0.866194 

1.780123x10* 

0.001998 

-0391606 

1.998544xl0-7 

0.000136 

-0.031625 

8.448708x1 O’7 

0.000564 

-0.131764 

1.192316xia7 

0.000056 

-0.013612 

1.490630x10* 

0.001553 

-0.320206 

3.016422x10* 

0.00335 

-0.663236 

1.564553xl0'7 

0.000089 

-0.021344 

4.256135xl0"7 

0.000287 

-0.066864 

3.434855x1 O’7 

0.000194 

-0.04645 
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RISC  Workstaion 


Number  of  rings  across  the  tube 


Figure  4.  Exponentially  increasing  time  with  mesh  size:  20  disks 
and  190  m/min  fiber  speed. 


Figure  8.  Experimental  results  showing  the  effect  of  deposition 
tube  diameter  on  the  deposition  profile  along  the  reactor  length  at 
T-1100C. 
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Figure  10.  Concentration  profiles  of  a  dilated  mixture  in  S,  at 
H:Cla40,  inlet  T»950C,  tube  dia . *6mn,  BtTi-2.0,  total  flow 
rate*500cc/min,  mesh«20xl0. 
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Introduction 

Interphases  in  Fiber- Reinforced 
Composites 

It  is  generally  agreed  that  the  mechani¬ 
cal  performance  of  continuous  fiber- 
reinforced  composites  will  depend  to  a 
large  extent  on  the  nature  of  the  inter¬ 
face  between  the  fiber  and  the  matrix.1 
In  the  case  of  many  inorganic  composites, 
compositional  and/or  morphological  gra¬ 
dients  can  arise  over  an  extended  region 
between  the  matrix  and  reinforcing  fiber 
as  a  result  of  processing  conditions,  me¬ 
chanical  forces,  or  chemical  interactions. 
The  term  "interphase"  has  been  applied 
to  such  a  region.23 

There  have  been  numerous  theoreti¬ 
cal  and  experimental  treatments  of  this 
subject  in  an  effort  to  quantify  the  stress 
and  strain  in  the  interphase  region,  and 
to  correlate  the  presence  of  such  forces 
with  the  mechanical  performance  of  the 
attendant  composites.4  Much  of  the  ex¬ 
perimental  work  has  emphasized  con- 
:  oiling  the  nature  of  the  interphase 
through  careful  control  of  the  process¬ 
ing  conditions3  or  by  the  introduction  of 
special  interface  layers,  often  by  apply¬ 
ing  a  coating  to  the  reinforcing  fiber  prior 
to  incorporating  it  into  the  matrix.®-5'’* 

Coatings  as  divergent  as  metals,7'  ce¬ 
ramics,  and  pyrocarbon  or  silicon'  have 
been  applied  to  fibers  incorporated  into 
reinforced  composites.  Fibers  have  been 
coated  to  aid  in  the  processing  of  com¬ 
posites,  for  example,  by  improving  the 
ability  of  the  matrix  to  wet  the  reinforc¬ 
ing  fiber*’  or  as  a  barrier  layer  providing 
protection  from  chemical  or  mechanical 
damage  during  incorporation  into  the 
matrix.10  Coatings  have  also  been  em¬ 


ployed  to  effect  the  performance  of 
composites  under  "in-use"  conditions 
such  as  modification  of  the  fiber  to 
matrix  bond"  and  as  a  reaction  barrier 
to  permit  the  use  of  composites  in  corro¬ 
sive  environments. 12  Coatings  that  have 
received  particular  attention  in  the  lit¬ 
erature  are  metals  (e.g.,  Ni  and  Cu),7 
oxides  (e.g.,  A1203,  Y203,  and  Zr02),13 
and  non-oxide  ceramics' 12* 14  (e.g., 
nitrides,15'  carbides,1® 14  and  borides1*). 
A  diverse  array  of  methods  have  been 
employed  to  produce  fiber  coatings 
ranging  from  merely  oxidizing  the  fiber 
surface9  to  the  application  of  multilayer 
coatings  using  rf  sputtering.14 

This  article  will  highlight  precursors 
that  permit  application  of  coatings  by 
thermal  processing  using  simple  appa¬ 
ratus  and  low  pyrolysis  temperatures. 
This  includes  both  low-weight,  volatile 
molecules  suitable  for  MOCVD  (metal- 
organic  chemical  vapor  deposition)  ap¬ 
plication  and  polymers  which  may  be 
applied  by  dipping  or  spray  coating 
their  solutions. 

In  some  situations,  plasmas  or  lasers 
have  been  used  to  facilitate  deposition 
from  these  organometallics  at  low  tem¬ 


peratures  or  to  write  lines  on  substrates 
•>r  electronic  applications.  Considenng 
me  problems  imposed  by  these  meth¬ 
ods  (such  as  coating  uniformity),  the 
higher  cost,  and  the  relatively  lesser 
need  for  such  methods  in  fiber  coating, 
no  further  discussion  concerning  such 
approaches  will  be  presented  here.  Also 
excluded  from  this  discussion  are  sol- 
gel  approaches  to  metal  oxides,  which 
may  employ  organometallic  systems  as 
precursors  but  do  not  generally  involve 
pyrolysis  as  the  pnmary  reaction  path¬ 
way  to  the  final  ceramic  material. 

Factors  Involved  in  Coating  Fit  *s 

Cranmer  has  briefly  reviewed  fiber 
coating  and  characterization  techniques.17 
As  noted  in  the  Cranmer  review,  most 
of  the  work  leading  to  carbide,  bonde, 
and  nitride  coatings  employs  conven¬ 
tional  dtmospheric  pressure  CVD  pro¬ 
cessing.  This  typically  involves  mixing 
two  or  more  gaseous  reagents  with  a  car¬ 
rier  gas.  Examples  of  some  of  these  pro¬ 
cesses  are  given  here  (in  Scheme  1)  in 
the  form  of  simple  stoichi>  imetric  equa¬ 
tions.  Although  these  equations  express 
the  mass  balance  of  the  relevant  chemi¬ 
cal  processes,  the  actual  chemical  mech¬ 
anisms  and  flow  dynamics  involved  in 
applying  such  coatings  are  often  quite 
complex.  Control  of  the  product  (coating) 
in  terms  of  the  stoichiometry,  homo¬ 
geneity,  and  morphology  is  correspond¬ 
ingly  problematic. 

The  reagents  used  in  these  coating 
schemes,  or  their  gaseous  byproducts 
are  often  corrosive,  poisonous  or  explo¬ 
sive,  and  the  substrate  temperatures 
involved  generally  exceed  1100°C.  These 
factors  limit  the  types  of  substrates  that 
can  be  employed.  Additionally,  ngor- 
ous  control  of  the  reactant  stoichiometry 
and  other  processing  variables  is  required 
tii  maintain  coating  quality,  which  usu¬ 
ally  dictates  elaborate  reactor  design 
and  sophisticated  control  of  the  reagent 
gas  flow  rates.  When  such  coating 
schemes  are  used,  these  requirements 
can  add  significantly  to  the  cost  of  com¬ 
posite  processing.  Moreover,  for  coat¬ 
ings  which  have  a  significant  thermal 


Tid,  +  2  Bd,  +  |Hj  ,lgMS?  TiB,  +  9  Hd 
Bdj  +  xs  NHj  BN  +  3  Hd 
SiH«  (or  SiCl«)  +  SiC  +  Hj  (or  HC1) 


Scheme  I.  Reaction  schemes  (or  gas  phase  chemistry  leading  to  selected  ceramic  coatings  ■ 
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Figure  1:  Structure  of  an  organo-aluminum  amine  precursor  ami  AIN. 


expansion  mismatch  with  respect  to  the 
fiber,  deposition  at  such  high  tempera¬ 
tures  can  lead  to  high  residual  stresses 
at  the  fiber/coating  interface  on  cooling 
to  room  temperature,  resulting  in  coat¬ 
ing  failure  or  degraded  mechanical  per¬ 
formance  for  the  composite.5  There  are 
alternatives  to  these  "traditional"  coat¬ 
ing  methods  which  address  some  of 
these  problems. 

"Non traditional"  Precursors  as  an 
Alternative  Source  of  Metal  and 
Ceramic  Coatings 

Increasingly,  metal  and  ceramic  coat¬ 
ings  are  being  produced  using  mono- 
molecular  precursors.  These  precursors 
include  both  solution-applied,  generally 
polymeric  systems,  as  well  as  volatile 
molecular  species  for  MOCVD.  In  most 
cases,  thermal  processing  is  used  to 
convert  the  organometallic  species  to 
the  final  inorganic  coating,  sometimes 
with  the  aid  of  a  reactive  gas  such  as  H2 
or  NH3. 

Ideally,  a  metal  or  ceramic  precursor 
is  designed  to  contain  the  essential  ele¬ 
ments  of  the  desired  inorganic  coating 
in  the  correct  stoichiometric  amounts,  a 
"compositional  core"  of  the  precursor, 
surrounded  or  appended  by  "extraneous 
substituents"  which  impart  desirable 
physical  properties  (such  as  volatility) 
to  the  molecule.  The  composition  and 
structure  of  the  precursor's  "composi¬ 
tional  core"  are  configured  to  resemble 
that  of  the  product  (coating)  as  much  as 
possible.  Ideally,  the  bonds  between  the 
elements  of  the  "compositional  core"  in 
a  precursor  are  stronger  than  those 
between  this  core  and  the  "extraneous 
substituents."  This  affords  precursors 
from  which  the  substituents  are  easily 
lost,  preferably  as  relatively  stable,  gas¬ 
eous,  molecular  byproducts.  In  general, 
it  is  desirable  to  have  byproducts  which 
are  volatile  at  temperatures  significantly 
below  the  decomposition  temperature 
of  the  precursor. 

An  example  of  such  a  system"  can  be 
seen  in  Figure  1,  which  highlights  a  pre¬ 
cursor  that  has  been  used  in  the  LPCVD 
(low-pressure  chemical  vapor  deposition) 
deposition  of  AIN.  The  precursor  is  a 
volatile  solid  comprised  of  cydohexane- 
like  [(CHjJjAINHjJj  molecules.  These 
molecules  have  a  central  "core"  consist¬ 
ing  of  a  six-membered  ( A1N)3  ring,  much 
like  that  in  the  structure  of  AIN  itself. 
This  "core"  is  held  together  by  fairly 
strong  Al-N  bonds  and  is  appended  by 
CHj  and  H  "substituents"  through  rela¬ 
tively  weaker  bonds.  The  complex  was 
found  to  decompose  to  h-AIN  and  CH* 
on  heating  above  500°C,  which  is  well 


below  the  temperature  required  for  con¬ 
ventional  CVD  of  AIN  using  trimethyl-  or 
trichloro-aluminum  and  NH3.  It  is  also 
important  to  note  that  the  decomposi¬ 
tion  byproduct,  methane,  is  a  small,  gas¬ 
eous  molecule  and  is  reasonably  stable 
under  the  reaction  conditions.  These 
features  all  contribute  to  the  production 
of  a  stoichiometric  AIN  film  at  a  rela¬ 
tively  low  temperature  with  minimal 
contamination  from  the  "extraneous 
substituents." 

In  many  cases  such  idealized  struc¬ 
tural  and  bonding  circumstances  may 
not  be  as  readily  obtained,  yet  the  use  of 
organometallic  or  specially  designed 
inorganic  precursors  can  still  provide 
relative  advantages  in  processing  tem¬ 
perature,  stoichiometry  control,  and  uni¬ 
formity  of  coverage.  We  should  point  out 
that  many  of  the  coatings  cited  are  not 
necessarily  direct  replacements  for  "tra¬ 
ditional"  methods  of  applying  these  ma¬ 
terials  in  terms  of  crystalline  modification, 
density,  or  coating  purity.  In  some  cases 
the  "nontraditional"  routes  supply  "supe¬ 
rior"  coatings,  in  others  they  are  "inferior" 
when  judged  by  these  criteria.  In  many 
cases  these  and  other  questions  relating 
to  the  utility  of  the  coatings  in  inorganic 
composites  have  not  been  addressed. 
Since  this  article  focuses  on  materials  in¬ 
tended  to  be  included  in  composites, 
the  quality  of  coatings  applied  by  these 
methods  should  more  properly  be  judged 
by  their  ability  to  perform  the  desired 
function  with.n  that  environment.  In  the 
majority  of  cases,  even  among  coatings 
applied  by  traditional  methods,  the  ques¬ 
tion  of  in-composite  performance  is  at 
present  unanswered. 

Nontraditional  Inorganic  and 
Organometallic  Precursors 
Applied  to  Coating  Formation 


We  now  present  some  examples  from 
the  recent  literature  of  routes  which 
have  been  employed  to  impart  metallic 
and  ceramic  coatings  using  such  non- 
*  .'"iitional  precursors.  In  some  cases, 
which  have  been  coated  using 
this  type  of  chemistry  have  been  incor¬ 
porated  into  matrices.  We  do  not  intend 
an  exhaustive  review  of  the  work  being 
done  in  this  area.  Our  aim  is  to  give  the 
reader  a  feeling  for  the  scope  and  type 
of  work  which  has  been  done,  and  to 
stimulate  the  imagination  to  the  possi¬ 
bilities  for  future  application  in  the  pro¬ 
cessing  of  inorganic  composites. 

Deposition  of  Metals 
Considering  that  metal  carbonyls  fall 
within  the  generally  accepted  definition 
of  organometallics,  metals  are  the  earli¬ 
est  materials  to  have  been  deposited  by 
MOCVD  methods.  The  vapor  transport 
of  Ni  by  CO  war  discovered  before  the 
turn  of  the  century,  and  both  Ni(CO)« 
and  Fe(CO)s  can  be  used  to  deposit  rela¬ 
tively  pure  metallic  thin  films  of  these 
metals  by  thermal  CVD  at  quite  low 
temperatures  (SS-ZSf^C).1*  Most  other 
binary  transition  metal  carbonyls  re¬ 
quire  relatively  higher  temperatures  to 
decompose  completely,  generally  yield¬ 
ing  products  which  contain  significant 
amounts  of  oxygen  and/or  carbon  impu¬ 
rities  upon  pyrolysis. 2021  Other  volatile 
molecular  species  have  been  used  to 
deposit  these  transition  metals,  often  in 
the  presence  of  H2  as  a  reductant  21 
Recent  efforts  to  deposit  metallic  films 
using  molecular  precursors  have  been 
largely  driven  by  the  perceived  needs  of 
the  electronic  industry.  In  addition  to 
tungsten,  this  work  has  largely  centered 
on  deposition  of  aluminum  and  copper, 
owing  to  their  intrinsically  low  resistivi¬ 
ties.  Trialkylaluminum  compounds  have 
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been  employed  as  At  CVD  precursors  for 
many  years,  particularly  those  which 
employ  an  alkyl  group  having  a  /3-H 
available  to  facilitate  elimination  of  an 
olefin  from  the  complex.  These  com¬ 
plexes  afford  a  relatively  simple,  inex¬ 
pensive  route  to  A1  metal  films,  with 
tris-isobutylaluminum  apparently  af¬ 
fording  the  best  quality  A1  films  at  the 
lowest  temperatures  (260°C).22  Problems 
with  surface  roughness  and  the  drive 
for  even  lower  deposition  temperatures 
have  prompted  the  reinvestigation  of 
tnmethylaminealane  ((CHj)}N:A1Hj]  as 
a  source  of  A1  films.31  This  volatile  alane 
(AlH,)  adduct  decomposes  readily  and 
cleanly  on  a  wide  range  of  substrates  at 
temperatures  as  low  as  100°C  to  give 
smooth,  relatively  pure,  and  highly  re¬ 
flective  films  of  AI  with  free  trimeth- 
vlamine  and  H;  produced  as  byproducts. 

Copper  deposition  has  attracted  much 
attention  in  the  last  few  years  and  a 
variety  of  novel  precursors  have  been 
used  in  both  laser-assisted  and  thermal 
CVD  of  this  material.  The  chief  issues 
concerning  Cu  deposition  have  been 
the  volatility  of  the  precursor,  the  con¬ 
ductivity  and  surface  morphology  of 
the  resultant  film,  and  the  selectivity 
towards  different  substrates.  Among 
the  systems  investigated  are  various 
complexes  of  Cu"  and  Cu1  such  as 
(0-diketonate)2Cu,u  (7j5-C5H5)CuPR3,24 
Cu4(tert-butoxy)a,”  (Cu{OCH(CH,)- 
CH;N(CH1)3}:|,:''  and  (/3-diketonate) 
CuP(CH,)i  ;r  The  latter  compounds  are 
particularly  interesting  in  that  they 
reportedly  decompose  at  150-400°C  via 
a  disproportionation  process  to  give  ele¬ 
mental  Cu  films,  free  phosphine,  and 
the  bis-/?-diketonate  Cu"  complex.27 
Moreover,  Cu  films  deposited  this  way 
are  reasonably  pure  and  exhibit  low 
electrical  resistivity 

Organometallic  precursors  to  noble 
metal  coatings,  particularly  Pt  and  Au, 
have  also  received  considerable  atten¬ 
tion  recently,  driven  as  well  by  their 
potential  utility  in  electronics.  Both 
solution  deposition  of  polymeric  com¬ 
plexes  followed  by  laser  or  electron 
beam  irradiation2*  and  thermal  LPCVD 
have  been  used  to  prepare  thin  films  of 
these  metals  by  pyrolysis.  For  the  CVD 
approach,  recent  efforts  have  focused 
primarily  on  identifying  volatile,  yet 
reasonably  stable  precursors  and  on 
obtaining  high  conductivity  films  at  as 
low  a  temperature  as  possible.  As  with 
copper,  these  metals  are  relatively  easily 
obtained  in  the  metallic  form  by  reduc¬ 
tion  of  higher  oxidation  state  complexes. 
Reduction  is  often  effected  during  py¬ 
rolysis  by  the  attached  organic  ligands, 


but  this  may  be  accompanied  by  ther¬ 
molysis  of  the  ligands  to  carbonaceous 
byproducts  which  can  contaminate  the 
metallic  film  and  so  influence  its  adhesion 
and  other  properties.  Using  hydrogen 
gas  as  a  co-reductant  is  sometimes  help¬ 
ful  in  avoiding  this  contamination.  As 
for  most  of  the  OMCVD  precursors  to 
metals  and  ceramics,  few  detailed  stud¬ 
ies  of  the  reaction  mechanisms  relevant 
to  these  processes  have  appeared  so  far 
in  the  literature. 

Specific  examples  of  successful  Pt 
CVD  precursors  include  [Pt(CH3)2- 
(MeNC)2i(MeNC  =  methyl  isonitrile) 
and  (Pt(CH3)2(COD)]  (COD  =  cycloocta- 
diene),  which  have  been  used  to  deposit 
Pt  on  silicon  at  250<’C.2,  In  the  presence 
of  H2,  the  carbon  content  of  the  Pt  film 
was  considerably  reduced  and  the 
temperature  of  deposition  lowered  to 
135-180°C.  Similarly,  gold  has  been 
deposited  using  [Au(CH3)(P(CH3)3)3] 
and  (Au(CH3)3(P(CH3)3)]  by  LPCVD  at 
200°C.30 

Deposition  of  Oxides 

As  with  metal  coatings,  work  on 
oxide  CVD  has  been  motivated  largely 
by  applications  requiring  oxide  thin 
films  as  passive  or  active  components 
in  electronic  devices.  Recent  interest  in 
preparing  thin  films  of  the  copper  oxide 
superconductors  by  CVD  has  fueled 
particular  interest  in  volatile  precursors 
for  CuO,  BaO,  and  Y203.3’ 

Molecular  sources  for  these  deposi¬ 
tions  are  generally  either  alkoxides 
[M(OR),]„  (where  R  =  alkyl  group)  or 
/3-diketonates  [M{RC(0)CHC(0)R'},1 
(where  R  and  R'  can  be  various  alkyl 
and  perfluoroalkyl  groups).  The  use  of 
alkoxides  as  precursors  for  oxide  ce¬ 
ramics  has  been  recently  reviewed.32 
The  chief  difficulty  in  using  these  com¬ 
pounds  as  MOCVD  precursors  is  that 
they  tend  to  form  strongly  associated 


oligomeric  or  polymeric  species  with  the 
-OR  groups  bndging  two  or  more  metal 
atoms  This  can  lead  to  low  volatilities, 
although  some  oligomeric  alkoxides 
(e  g.,  Al«(OPr‘)i233  and  Cu^OBu'Js26) 
are  sufficiently  volatile  for  CVD  use. 
Oligomerization  can  sometimes  be  in¬ 
hibited  by  increasing  the  steric  bulk  of 
the  R  group,  e  g.,  through  the  use  of  the 
tertiary  butoxy  group,  resulting  in  an 
increase  in  volatility. 

Oligomerization  is  less  of  a  problem 
for  the  /3-diketonate  complexes,  where 
the  monoanionic  1/3-diketonate] '  ligand 
fills  two  coordination  positions  on  the 
metal  ion.  Thus  even  with  the  relatively 
small  acetylacetonate  (MeC(O)CHC- 
(O)Me  =  acac)  ligand,  many  of  the 
neutral  complexes  are  monomenc  and 
sufficiently  volatile  for  use  in  CVD. 

When  the  simple  acac  complexes  are 
not  volatile  enough  below  their  decom¬ 
position  temperatures,  using  fluori- 
nated  and/or  bulky  alkyl  substituents  as 
R  and  R'  is  often  helpful  in  increasing 
volatility.  For  example,  the  ligands 
lMe3CC{0)CHC(0)CF2CF2CF3l-(fod), 
and  (Me3CC(0)CHC(0)CMe3]-(thd) 
have  been  used  to  obtain  volatile  com¬ 
plexes  of  the  rare  earth  elements  and 
heavy  metal  ions  such  as  Zr*4,34  and 
several  of  these  complexes  have  been 
subsequently  employed  as  CVD  pre¬ 
cursors.31 35  Even  with  these  ligands, 
oligomerization  still  occurs  with  the 
Group  IA  and  the  heavier  Group  1IA 
metal  complexes.  Various  neutral  lig¬ 
ands,  such  as  THF  (tetrahydrofuran)  and 
amines,  as  well  as  the  free  /3-diketone 
ligand,  have  been  used  successfully  in 
CVD  studies  to  enhance  the  volatilities 
of  some  of  these  complexes.3* 

These  two  classes  of  precursors,  the 
alkoxides  and  /3-diketonates.  have  been 
used  to  produce  a  wide  range  of  high 
purity,  adherent  metal  oxide  films  In 
general,  an  additional  source  of  oxygen. 


Zt(0-C(CHj)3)4  +  H:0 - *  0Zr(0-C(CH3)3)2  +  2  HO-C(CH3)3 

I  U 

I  +  HjO - ►  ZiO,  +  II 

0 - ►  2  HjC  -  C(CH3)j  +  2  HjO 

Overall: 

Zr(OC(CH3)3)«  ZiOj  +  4  H2C  =  C(CH3)2  +  4H20 

Reaction  I. 
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Figure  2  (a)  Uncoated  and  lb) 
Vttrui  coated  SCS-6  fiber  after 
incorporation  into  a  Ni^AI  matrix 


such  as  02  or  H20.  appears  to  be  helpful 
in  avoiding  carbon  contamination,  espe¬ 
cially  in  the  case  of  the  0-diketonates. 
Even  when  H20  is  not  deliberately 
added,  traces  of  water  or  even  surface 
-OH  groups  appear  to  be  sufficient  to 
catalyze  the  thermal  decomposition  of 
certain  alkoxides,  leading  to  the  rapid 
deposition  of  a  metal  oxide  film.37  An 
example  of  such  a  chain  reaction  de¬ 
composition  for  ZrfOBu'h  is  shown  in 
Reaction  I. 

As  examples  of  the  many  situations 
where  these  two  classes  of  compounds 
have  been  used  as  CVD  precursors, 
the  CVD  of  alumina,  zirconia,  and 
yttria  from  their  respective  /9-diketonate 
complexes:  AI(acac)3],M  [Zr(thd)«]  and 
( Y(thd)3],ss  and  alumina,  titania  and  sil¬ 
ica  from  their  alkoxides:  [AKOPrih],33 
(TifOE^),3’  and  (Si(OEt)4J40  have  been 
reported.  Deposition  temperatures  vary 
from  250  to  800°C,  with  the  0-diketonates 
generally  requiring  somewhat  higher 
temperatures  than  the  alkoxides.  In  all 
of  these  cases,  source  and  inlet  tempera¬ 
tures  of  ~120-2008C  along  with  a  carrier 
gas  are  required  to  maintain  a  sufficient 
rate  of  precursor  introduction.  Except 


for  AlfOPr1)],  all  these  processes  add  02 
or  H20  to  facilitate  removing  the  ligand 
byproducts. 

An  application  of  this  approach  to 
prepare  adherent  Y2Oj  films  on  SCS-6 
SiC  fiber  for  use  as  a  barrier  layer  in  the 
fabrication  of  SiC/NijAl  composites  has 
been  reported  by  Larkin,  interrante, 
and  Bose.41  In  this  work  the  /3-diketonate 
complex  Y(thd);  was  decomposed  in 
the  presence  of  water  vapor  in  a  hot- 
wall  CVD  reactor  to  deposit  high  purity 
yttria  coatings  on  short  lengths  of  the 
SiC  fiber  at  ~600°C.  These  coatings 
were  found  to  survive  composite  fabri¬ 
cation  by  cold  pressing  followed  by 
reactive  sintering,  when  temperatures 
exceeding  1300°C  were  reached.  This  is 
illustrated  in  Figure  2,  where  an  yttria- 
coated  SCS-6  fiber  cross  section  is  com¬ 
pared  with  that  of  an  uncoated  fiber 
after  reactive  sintering  of  the  Ni3Al 
matrix.  The  coated  fibers  were  also 
found  to  survive  even  after  subse¬ 
quent  annealing  for  extended  periods 
at  1000°C. 

Non-Oxide  Ceramics 
Boron  Nitride.  Synthesis  of  boron 
nitride  has  received  much  attention, 
and  both  CVD  and  polymeric  precursor 
routes  exist  for  producing  ceramic  coat¬ 
ings.  Recent  reviews  by  Paine42  and 
Sneddon43  have  covered  this  subject 
thoroughly,  but  some  background 
information  and  several  systems  which 
have  recently  appeared  in  the  literature 
will  be  highlighted  here. 

The  classic  boron  nitride  (BN)  CVD 
precursor  system,  BClj/NHj,  forms  the 
ceramic  at  substrate  temperatures  above 
1100°C.  Several  CVD  precursor  systems 
combining  diborane  with  NHj  or  bor- 
azines  (particularly  B-trichloroborazine) 


have  been  examined,  and  these  systems 
have  been  reported  to  give  BN  coatings 
at  temperatures  as  low  as  65CPC.42  44  The 
diborane  route  is  thought  to  proceed 
to  coatings  through  the  formation  of 
an  intermediate  borazine  moiety,44 
although  it  has  been  pointed  out  that 
coatings  obtained  below  500°C  from 
borazine  precursors  differ  spectroscopi¬ 
cally  from  those  produced  using  di¬ 
borane  precursors.42  45  These  coatings 
are  microcrystalline,  and  several  reports 
claim  that  these  routes  produce  h-BN 
at  temperatures  below  1000°C.  The 
trichloroborazine  precursor  has  been 
used  by  Singh  to  deposit  BN  on  ceramic 
fibers  prior  to  their  incorporation  in 
oxide  matrices  by  hot  pressing.6* 6b 
In  a  singular  example,  Sneddon  et  al.46 
report  a  precursor  which  is  neither  a 
volatile  molecule  nor  a  polymer  system. 
In  this  work,  the  dimethyl  sulfide  ad¬ 
duct  of  HB(Br)2  was  employed  as  a 
boron  source.  This  material  was  solu¬ 
tion  coated  onto  a  substrate,  followed 
by  reaction  of  the  substrate  coating  with 
NHj.  This  chemistry  is  thought  to  fol¬ 
low  the  reaction  shown  below,  with 
formation  of  a  BN,H.Brt  intermediate 
followed  by  loss  of  NH,Br  leading  to  the 
BN  coating. 

(CH3)2S  -  BHBr2^X 

NH3  -  BHBr2  +  (CH3)2S 

NH3  -  BHBr2  +  2  NH3 - ► - - 

BN  +  2[NH4BrJ  +  H2 

Polymeric  precursors  to  BN  ceramics 
have  been  prepared  largely  by  oligomeri¬ 
zation  reactions  involving  substituted 
borazines  or  boranes.  In  general,  the 
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polymers  take  the  form  of  an  alkyl  chain 
with  borazine  structures  pendant  on 
it,47  or  as  borazine  structures  that  are 
linked  directly4®  or  through  amino  or 
alkyl  amino  moieties.4'' 

Paine  and  co-workers,  using  the  reac¬ 
tion  shown  in  Reaction  II,  have  pro¬ 
duced  a  gel-like  polymer  which  yields 
h-BN  below  lOOTC.4950  This  material 
is  insoluble  in  organic  solvents,  which 
might  suggest  that  it  is  of  limited  use  for 
coatings.  However,  treating  this  poly¬ 
mer  with  anhydrous  liquid  ammonia 
produces  a  dear  solution  that  has  been 
used  to  coat  a  number  of  substrates  by 
dipping.  Pyrolysis  of  the  dip-coated 
substrates  gave  smooth,  pore-free  BN 
coatings.491’ 

Silicon  Nitride.  The  "traditional''  CVD 
precursor  system  to  Si3N4  is  the  reaction 
of  a  silane/ammonia  gas  mixture  at  tem¬ 
peratures  above  1000°C.51  There  have 
been  few  monomolecular  precursors 
reported  which  are  suitable  for  CVD  of 
SijN«,  possibly  owing  to  the  great  ten¬ 
dency  of  aminosilanes  and  silazanes  to 
polymerize.  A  brief  review  of  volatile 
precursors  suitable  for  rf-enhanced 
CVD  has  been  published  by  Beatty, 524 
but  most  of  the  complexes  mentioned 
either  contain  too  much  carbon  or  are 
too  thermally  stable  to  be  used  as  pre¬ 
cursors  in  a  simple  pyrolysis  system. 
Gordon,  Hoffman,  and  Riaz“  recently 
reported  on  a  family  of  aminosilanes  of 
the  type  H,Si(N(CH3)2)«-,  from  which 
they  deposited  Si3N4  films  on  silicon, 
vitreous  carbon,  boron,  and  quartz  at 
temperatures  as  low  as  60U°C.  Reason¬ 
ably  pure  films  are  available  from  these 
precursors  when  thermolysis  is  carried 
out  under  an  ammonia  atmosphere. 

Silicon  nitride  films  can  also  be  applied 
using  polymeric  precursors.  Polysilazanes 
are  well  known  as  such  precursors,  and 
have  the  general  formula  |RR'SiNR'), 
(R,  R'  and  R"  are  H  or  alkyl  moieties). 
Seyferth  and  Wiseman52®  reported  on  the 
synthesis  of  these  polymers  and  outlined 
the  scope  of  work  in  this  area.  These 
materials  decompose  to  the  product 
(Si,N4)  through  the  successive  loss  of 
alkyl  moieties  or  H2  and  subsequent 
formation  of  additional  Si-N  bonds. 
In  recent  work,  Blum  et  al.54  reported 
the  use  of  a  polysilazane  polymer 
((H2SiN(CH3))„)  to  apply  coatings  to 
glass  and  aluminum  substrates. 

Other  Nitrides.  A  general  route  for 
applying  coatings  of  many  metal 
mtndes,  including  Ti,  Nb,  and  Zr,  by 
the  decomposition  of  organometallic 
complexes  with  the  general  structure 
M(N(CH3)2)„  has  been  described.” 


Although  deposition  temperatures  as 
low  as  250°C  have  been  reported  by  this 
method,  these  films  have  a  high  level  of 
carbon  contamination  at  deposition 
temperahr?s  below  800°C.  For  titanium, 
attempts  nave  been  made  to  design  a 
suitable  iigand  system  based  on  cyclic 
amines  to  permit  conversion  to  the 
nitride  by  direct  pyrolysis.  However,  the 
TiN  films  obtained  proved  to  have  sig¬ 
nificant  carbon  contamination.56  Chem¬ 
istry  based  on  the  metal  tetraamines  has 
recently  been  revived  with  the  recogni¬ 
tion  that  solution-phase  transamination/ 
dehydreamidation  reactions  of  early 
transition  metals  may  be  mimicked  in 
the  heterogeneous  chemistry  occurring 
during  thermolysis  of  tetraamino  com¬ 
plexes  when  the  thermolysis  is  carried 
out  under  ammonia.  Reasonably  pure 
films  of  various  metal  nitrides  have  been 
prepared  using  this  approach.  Thus 
Hoffman,  Gordon,  and  co-workers56-57 
reported  the  deposition  of  Zr,  Nb,  V, 
Mo,  Hf,  Ga,  and  Ti  nitride  coatings  by 
atmospheric  pressure  CVD  in  NH3  at 
200-400°C. 

Interrante  et  al.11  and  Gladfelter5* 
have  reported  monomolecular  CVD 
precursors  for  aluminum  nitride  from 
alkylaluminum  -amino  and  -azide  com¬ 
plexes,  respectively.  These  precursors 
have  a  cyclic  structure  of  alternating  Al 
and  N  atoms,  and  yield  polycrystalline 
AIN  films  at  temperatures  as  low  as 
500“C.  Decomposition  of  this  type  of 
precursor  was  shown  as  an  example  in 
the  Introduction  to  this  article.  Gladfei¬ 
ter  also  reported  a  precursor  to  GaN, 
(GaH2NH2)3,  which  has  a  similar  cyclic 
structure  of  alternating  Ga  and  N  atoms. 59 
This  material  has  given  cubic  GaN  coat¬ 
ings  at  temperatures  below  600°C. 

Interrante  and  Jiang60  have  recently 
prepared  AIN  films  from  a  polymeric 
precursor.  This  work  is  an  extension  of 
their  efforts  in  developing  a  precursor 
suitable  for  CVD  application  of  AIN." 
The  polymer  is  synthesized  by  employ¬ 
ing  a  reaction  between  aluminum  alkyls 
and  ethylenediamine  resulting  in  a  com¬ 
plex  structure  thought  to  consist  of  alu¬ 
minium  amino  heterocycles  linked  by 
ethylene  bridges.  Seibold  and  Russel 
report  an  alternative  approach  to  the 
synthesis  of  AIN  polymeric  precursors61 
which  employed  electrochemical  reduc¬ 
tion  of  a  primary  monoamine  at  an 
aluminum  electrode.  The  resulting  poly¬ 
meric  precursor  has  not  been  fully  char¬ 
acterized  but  has  been  used  to  coat 
NiCAlON  fibers  with  AIN. 

Silicon  Carbide.  Precursors  to  SiC 
suitable  for  CVD  application  have  been 


known  for  some  time,  generally  based 
upon  the  high  temperature  reaction  of 
H.SiCl*.  and  a  carbon  source  such  as 
CH,  or  C2H,  in  H2.®  Carbosilanes  such 
as  CH3SiCl3®*  have  also  been  employed, 
but  again  high  reaction  temperatures 
are  required  and  HCl  is  a  byproduct. 
Monomolecular  precursors  suitable  for 
CVD,  and  which  decompose  to  SiC  at 
temperatures  below  1000°C,  may  be 
found  in  mono-  and  di-silacyclobutanes. 
These  complexes  are  believed  to  de¬ 
compose  at  lower  temperatures  than  cor¬ 
responding  linear  carbosilanes  because 
they  possess  a  significant  amount  of 
ring  strain.62  Recently,  a  substituted 
disiLacydobutane  (structure  follows)  was 
employed  as  a  precursor  to  SiC  coatings 
on  silicon.63  Although  the  mechanism  of 
decomposition  leading  to  coatings  is 
known  to  involve  the  loss  of  some  car- 
bosilane  moieties,  decomposition  pro¬ 
ceeds  primarily  with  the  loss  of  alkanes, 
principally  methane,  providing  near 
stoichiometric  SiC.64 


/SIH, 

CH,  VCH, 

In  some  preliminary  work,  this  pre¬ 
cursor  has  been  employed  to  apply  a 
SiC  coating  to  carbon  fibers.  During  this 
work,  it  was  observed  that  a  SiC  coating 
of  less  than  -500  A  applied  this  way 
noticeably  improved  the  oxidation 
resistance  of  the  fibers  at  400“C  64*>  When 
this  same  procedure  was  employed  to 
coat  a  glassy  carbon  substrate  it  was 
observed  that  the  coating  improved 
wetting  of  the  substrate  by  molten  glass, 
compared  to  uncoated  glassy  carbon 
samples,  and  also  improved  adhesion  of 
the  glass  to  the  substrate  upon  cooling. 

Among  the  well-studied  polymeric 
precursors  to  SiC  are  various  poly- 
alkylsilanes65  and  polycarbosilanes.666'' 
Numerous  patents  have  appeared  de¬ 
scribing  the  use  of  such  materials  to  coat 
a  variety  of  fibers,66*'*  but  the  com¬ 
position  and  effectiveness  of  these 
coatings  have  not  been  reported. 

Other  Carbides.  Films  of  TiC  and  B«C 
deposited  from  organometallic  precur¬ 
sors  have  been  reported.  Girolami67  has 
examined  tetraneopentyl  titanium  as  a 
precursor  to  TiC,  and  Sneddon43  has 
reported  B,C  polymeric  precursors. 
Girolami  reports  crystalline  TiC  films 
from  his  precursor  at  temperatures  as 
low  as  150*C.  Sneddon's  polymer, 
which  is  composed  of  pentaborane  moie¬ 
ties  pendant  on  a  polyethylene  chain. 
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has  been  reported  to  give  amorphous 
B«C  under  argon  at  1000°C. 

Borides.  A  family  of  precursors  to 
borides  of  titanium,  hafnium  and  zirco¬ 
nium  have  been  prepared  by  Girolami 
et  al. “These  materials,  tetrahydroborate 
(BH<~)  adducts  of  the  transition  metals, 
have  the  general  formula  [L,M(BH4)4.,] 
(x=0,l).  The  hafnium  and  zirconium  ex¬ 
amples  are  binary  compounds  but  the 
Ti(BH4)4  complex  is  unstable,  so  the  di- 
methoxyethane  (dme)  stabilized  com¬ 
plex  Ti(BH4)4(dme)  was  employed. 
These  materials  have  been  used  to 
apply  films  of  TiB2,  HfB;  and  ZrB2  by 
LPCVD  on  glass,  copper,  aluminum, 
and  steel  at  250°C. 

Mixed-Phase  Ceramic  Systems.  Various 
studies  have  resulted  in  the  preparation, 
deliberate  or  otherwise,  of  complex, 
generally  amorphous  or  polyphasic 
ceramic  films  through  MOCVD  and 
polymer  precursor  pyrolysis.  Examples 
include  SiC,NbOc1’9  and  TiC,Ny67b  70 
phases,  some  of  which  have  been  exam¬ 
ined  for  possible  use  as  protective  coat¬ 
ings  for  C/C  composites.  1  Judging  from 
some  of  the  results  described  and  our 
own  largely  unpublished  observations, 
such  films  may  offer  special  advantages 
as  coatings  for  ceramic  fibers  incorpo¬ 
rated  into  inorganic  composites  owing 
to  their  greater  resistance  to  spalling 
during  handling,  phase  transformations 
during  thermal  cycling,  and/or  to  envi¬ 
ronmental  degradation. 

A  key  example  is  provided  by  the 
LPCVD  of  apparently  amorphous 
TiC„Ny  films  by  using  Ti(bipy)j  at  370- 
520°C.7oThe  excess  C  introduced  by  this 
precursor  seems  to  inhibit  crystal 
growth  of  the  TiC  (and  TiN),  requiring 
relatively  high  temperatures  to  produce 
observable  crystallinity  and  leading 
to  incompletely  crystallized  products 
even  at  1200°C.  Moreover,  in  a  series  of 
electrochemical  experiments,  amor¬ 
phous  TiC  films  deposited  by  MOCVD 
on  quartz  glass  using  Ti(bipy)}  and 
Ti(CH2C(CHj)j),  as  precursors  and  elec¬ 
tron  beam  vaporization  (EBV)  of  TiC 
onto  a  liquid  nitrogen  cooled  substrate 
were  compared,  along  with  polycrys¬ 
talline  TiC  films  deposited  at  high  tem¬ 
perature  from  TiCU,  CH^  and  Hj."7'’  It 
was  found  that  the  crystalline  films 
were  most  easily  corroded,  followed  by 
the  high  purity  amorphous  film  from 
EBV.  The  coating  obtained  from  the 
Ti(bipy)j  was  slightly  more  corrosion 
resistant  than  that  from  the  neopentyl 
complex,  but  both  performed  signifi¬ 


cantly  better  than  either  of  the  high 
purity  coatings. 
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A  CVD  process  has  been  developed  for  coating  Textron-Avco  SCS-6  SiC  fiber  with 
yttria.  Both  Y(fod)3H20  and  Y(thd)j  (fod  =  1, 1,1.2, 2,3, 3-heptafluoro-7, 7-dimethyl- 
4,6-octanedionato;  thd  =  2,2,6,6-tetramethyl-3,5-heptanedionato)  were  examined  as 
potential  Y203  CVD  precursors.  Analysis  of  the  deposits  by  Auger  spectroscopy 
indicated  significant  F  and  C  incorporation  in  the  case  of  Y(fod>j  •  H20  whereas,  under 
appropriate  conditions,  Y(thd)}  gave  a  deposit  which  was  essentially  free  of  C  and  other 
impurities.  GCFTIR  analysis  of  the  volatile  products  of  the  CVD  process  indicated 
isobutylene,  tetrafluoroethylene,  1,1-difluoroethylene,  fluoroform,  and  fluoroethylene  for 
Y(fod)3  •  H20  and  mainly  isobutylene  and  propylene  for  Y(thd>3.  The  precursor  Y(thd)3 
was  chosen  to  deposit  1-2  /tm  of  yttria  on  short  lengths  of  silicon  carbide  fibers.  The 
coated  fibers  were  then  incorporated  into  a  nickel  aluminide  (Ni3Al)  matrix  by  reactive 
sintering,  with  yttria  affording  protection  from  the  known  SiC  +  2Ni  -*  Ni2Si  +  C 
degradation  process.  The  SiC/Ni3Al  composites,  before  and  after  annealing  at  1000  °C 
for  up  to  100  h,  were  studied  by  using  SEM  and  EMPA  to  determine  the  extent  of 
reaction.  With  the  exception  of  certain  portions  of  the  fibers  that  were  inadequately 
coated  with  yttria,  complete  protection  of  the  fibers  was  indicated. 


I.  INTRODUCTION 

There  has  been  considerable  interest  in  ceramic 
fiber/intermetallic  matrix  composites.1  This  is,  in  part, 
due  to  the  lower  density  and  superior  oxidation  resis¬ 
tance  of  intermetallics  versus  that  of  many  superalloys. 
The  present  study  involves  the  use  of  a  reactively  sin¬ 
tered  nickel  aluminide  (Ni3Al)  intermetallic  matrix 
with  Textron-Avco  SCS-6  SiC  fibers.  The  Textron-Avco 
SCS-6  fibers  basically  consist  of  chemically  vapor  de¬ 
posited  (CVD)  silicon  carbide  on  a  pitch  derived  (ca. 
40  pm  diameter)  carbon  fiber  substrate. 

Silicon  carbide  fibers  were  chosen  due  to  their  high 
strength,  good  oxidation  resistance,  and  availability. 
One  major  drawback  is  the  fact  that  silicon  carbide  has 
been  shown  to  react  with  nickel-based  alloys  at  tem¬ 
peratures  above  700  °C.3,<  This  reaction  is  dominated  by 
the  diffusion  of  nickel  into  the  silicon  carbide,  and  to  a 
lesser  extent  diffusion  of  silicon  into  the  matrix,  lead¬ 
ing  to  a  reaction  which  forms  various  nickel  silicides.2-3,5 
A  stable  barrier  coating  would  therefore  be  necessary  if 
these  materials  are  to  be  used,  in  contact,  at  tempera¬ 
tures  greater  than  700  °C. 


•'Presented  at  the  14th  Annual  Conference  on  Composite  Materi¬ 
als  and  Structures,  American  Ceramic  Society  Closed  Sessions 
(January  1990),  Cocoa  Beach,  Florida. 

"'Currently  at  the  Southwest  Research  Institute. 
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The  work  reported  herein  was  carried  out  as  an 
extension  of  the  studies  of  R.  L.  Mehan  and  M.  R. 
Jackson,  using  yttria  as  a  reaction  barrier.6  7  They 
showed  that  sputtered  yttria,  on  the  surface  of  a  silicon 
carbide  disk,  prevented  reaction  with  a  nickel-based  al¬ 
loy  disk  at  1000  °C.  The  application  of  yttria  onto  sili¬ 
con  carbide  fibers  by  sputtering  would  be  impractical, 
considering  the  size  (140  p.m  in  diameter)  and  shape  of 
the  fibers  and  the  fact  that  sputtering  is  a  ‘line  of  sight’ 
technique.  Chemical  vapor  deposition  (CVD),  however, 
is  not  line  of  sight  limited  and  has  the  potential  of  totally 
coating  all  of  the  exposed  surfaces. 

The  metal  0-diketonate  complexes  tris(2,2,6,6- 
tetramethyl-3,5-heptanedionato)  yttrium(III)  {Y(thdh} 
and  tris(l,l,l,2,2,3,3-heptafluoro-7,7-dimethyl-4,6- 
octanedionato)-monoaquo  yttrium(III)  {Yffodb  -  H20}, 
were  chosen  as  potential  precursors  to  yttria  thin  films 
due  to  their  relatively  high  volatility  and  stability  in  the 
140-200  °C  temperature  range.'  Also,  previous  workers 
have  reported  on  the  use  of  such  /9-diketonate  com¬ 
plexes  in  the  CVD  of  various  metal  oxides.’'" 

There  also  has  been  recent  interest  in  producing 
the  1-2-3  superconductor  (YBa2Cu307-,)  by  MOCVD 
of  the  respective  0-diketonate  complexes  of  yttrium, 
barium,  and  copper.1213  All  of  these  depositions  were 
carried  out  in  either  an  oxygen  or  water  vapor  enriched 
carrier  gas  flow  and  generally  involve  subsequent  an¬ 
nealing  of  the  films  in  oxygen  at  temperatures  $800  °C. 

©  1990  Materials  Research  Society 


270e 


D.  J.  Larkin,  L.V.  Interrante,  and  A.  Bose:  Application  of  chemical  vapor  deposited  yttria 


However,  none  of  these  papers  has  examined,  in  de¬ 
tail,  the  precursors’  pyrolysis  chemistry.  A  study  of  the 
pyrolysis  chemistry  is  presented  here  along  with  an 
evaluation  of  the  different  coating  compositions  and 
morphologies  that  result  from  the  application  of  these 
two  precursors. 

II.  EXPERIMENTAL  PROCEDURE 

A.  Preparation  of  the  CVD  precursors 

Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)  yttri- 
um(III)  {Y(thd)3}  and  tris(l,l,l,2,2,3,3-heptafluoro-7,7- 
dimethyl-4,6-octanedionato)-monoaquo  yttrium(III) 
{Y(fod)3  •  H20}  were  prepared  according  to  the  proce¬ 
dures  outlined  previously.8  The  Y(thd)3  was  obtained  as 
an  air  stable,  white  powder  in  ca.  70%  yield  and  was 
purified  by  recrystallization  from  hexane  and  subse¬ 
quent  sublimation  (1.5  Torr,  140  °C;  mp  =  171-2  °C). 

The  mass  spectrum  of  the  Y(thd>3  precursor  was 
determined  using  an  HP-5987A  GC/MS  interfaced  to 
an  HP-2623A  computer  system.  The  sample  was  intro¬ 
duced  into  the  system  using  a  heated  probe  and  then 
was  subsequently  decomposed  using  chemical  ioniza¬ 
tion  (using  methane).  The  major  peaks,  with  intensities 
relative  to  that  of  the  peak  at  m/z  =  57  (/  =  100),  were 
455  (7  =  24.9);  81  (7  =  15.1);  581  (7  =  9.6);  456 
(/  =  6.9);  55  (7  =  6.4);  109  (7  =  6.0);  127  (7  =  6.0). 
The  (A/  +  1)  peak  at  m/z  =  639  (7  =  2.0)  and  the 
(A7+)  peak  at  m/z  =  638  (7  =  2.2)  were  also  observed. 

In  the  case  of  Y(fod)3  •  H20,  the  pinkish  gummy 
solid  obtained  from  the  reaction  procedure  was  re¬ 
crystallized  twice  from  methylene  chloride  (0  °C) 
and  the  resulting  air  stable  white  powder  was  further 
purified  by  vacuum  sublimation.  The  melting  point 
varied  considerably  from  60-118  °C,  depending  on  the 
amount  of  hydration,  which  is  in  agreement  with  pre¬ 
vious  observations.8 

B.  CVD  of  yttria  on  SIC  flbora 

The  SCS-6  SiC  fiber  (Textron- Avco  Corp.,  Wil¬ 
mington,  MA)  was  taken  from  a  continuous  spool  and 
broken  into  lengths  of  ca.  2  cm.  The  fiber  segments 
were  cleaned  by  successive  immersions,  with  stirring,  in 
acetone,  methylene  chloride,  and  hexane.  The  fibers 
were  then  placed  onto  an  alumina  boat,  which  was 
notched  to  support  the  fibers  at  two  points  (see  Fig.  1), 
and  then  the  assembly  was  loaded  into  a  fused  silica 
tube  furnace.  The  furnace  tube  was  heated  to  630  °C 
(measured  with  an  external  thermocouple  in  contact 
with  the  silica  outer  surface).  Approximately  0.5  g  of 
precursor  powder  was  loaded  into  the  precursor  vessel 
and  the  system  was  then  evacuated  to  ca.  2.0  Torr.  A 
(65-70  cc/min)  flow  of  H20  saturated  N2(g)  was  started 
through  the  precursor  vessel.  The  precursor  tempera- 


F 


FIG.  I.  The  main  components  of  the  fused  silica  LPCVD  reactor 
used  to  coat  SCS-6  silicon  carbide  fibers  with  yttria  include 
(A)  carrier  gas  inlet,  (B)  precursor  vessel,  (C)  liquid  nitrogen- 
cooled  trap,  (D)  connection  to  vacuum  pump,  (E)  alumina  support, 
and  (F)  silicon  carbide  fiber. 


ture  was  increased  to  150  °C  and  held  at  this  point  until 
590%  of  the  precursor  had  sublimed,  while  maintain¬ 
ing  a  dynamic  vacuum  of  ca.  2  Torr.  This  resulted  in  an 
average  deposition  rate  of  0.06  /zm-0.1  /im/h.  Typical 
coating  thicknesses,  estimated  by  using  SEM,  were 
from  <0.5  fit n  to  2.0  fim.  In  the  case  of  the  experi¬ 
ments  performed  using  dry  N2(g)  as  the  precursor  car¬ 
rier  gas,  the  volatile  products  were  collected  in  the 
liquid  N2-cooled  traps  for  later  analysis  by  GCFTIR 
and  NMR  spectroscopy. 

The  GCFTIR  spectra  were  obtained  using  a  Varian 
1500  GC  (VZ-10  column)  interfaced  to  a  Perkin-Elmer 
1800  FTIR  equipped  with  a  temperature  controlled 
transfer  line,  Au-coated  lightpipe,  and  a  liquid  nitrogen 
cooled  MCT  detector.  A  background  spectrum  was 
recorded  before  each  run  and  electronically  subtracted 
from  subsequent  product  spectra.  After  backfilling  u 
dry  N2(g)  to  1  atm  and  warming  the  isolated  liquid-  • 
traps,  the  pyrolysis  gases  were  sampled  using  a  gas-tight 
syringe.  A  Varian  200  MHz  FTNMR  was  also  used  to 
help  identify  the  volatile  products.  The  nmr  samples 
were  prepared  by  bubbling  the  gases  through  benzene- 
d6  contained  in  an  nmr  tube.  The  transfer  of  gases  from 
the  warmed  LN2-trap  to  the  nmr  tube  was  accom¬ 
plished  using  a  stainless-steel  canula. 

C.  Fiber  coating  purity 

Single  crystal  silicon  wafer  (100)  pieces  (cleaned  in 
the  same  manner  as  the  SiC  fiber)  were  placed  in  front 
of  and  behind  the  alumina  boat  during  deposition.  The 
resulting  coated  silicon  pieces  were  then  analyzed  for 
relative  amounts  of  carbon,  oxygen,  fluorine,  and  yt¬ 
trium  using  Auger  electron  spectroscopy  (AES)  with  a 
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2  KeV  electron  beam.  Argon",  5  KeV,  was  used  as  a 
sputtering  source  for  depth  profiling. 

A  Debye-Scherrer  XRD  analysis  was  performed  on 
one  of  the  CVD-yttria  coated  silicon  carbide  fibers  us¬ 
ing  Cu  Ka  radiation  with  a  Ni  filter  for  a  12-h  exposure. 

D.  Preparation  of  composites 

Typically  two  to  three  2  cm-long  sections  of  CVD- 
yttria  coated  SiC  fibers  were  laid  up  parallel  to  the 
longest  direction  of  the  composite  sample  and  sur¬ 
rounded  with  a  mixture  of  Ni  (INCO,  Carbonyl  decom¬ 
position  type  123)  and  A1  (Balimet,  helium  atomized 
h-15  grade)  powder  (Ni:  Al::3:l).  This  was  pressed  into 
a  rectangular  (3.0  x  1.5  x  0.5  cm)  block  using  a  static 
load  of  330  MPa.  The  compact  was  then  placed  on 
alumina  blocks  and  loaded  into  a  resistively  heated 
furnace  (Lindberg,  single  zone)  and  evacuated  to 
<5  x  10'6  Torr.  The  furnace  was  backfilled  with  argon 
and  evacuated  to  <5  x  10-6  Torr  a  few  times  to  re¬ 
move  oxygen.  Then,  while  under  vacuum,  the  tempera¬ 
ture  was  raised  to  200  °C  and  held  for  1  h  to  remove 
any  moisture,  followed  by  a  30  °C/min  ramp  to  700  °C 
to  initiate  the  reactive  sintering  process. 

E.  Electron  microscopy 

A  JEOL  840  scanning  electron  microscope 
equipped  with  a  backscattered  electron  (BSE)  and  sec¬ 
ondary  electron  (SE)  detector  and  also  an  energy  dis¬ 
persive  x-ray  (EDX)  detector  was  used  to  obtain  the 
electron  micrographs  and  preliminary  chemical  infor¬ 
mation.  A  JEOL  electron  microprobe  (EMP)  was  later 
employed  for  the  more  detailed  elemental  analysis  us¬ 
ing  the  wavelength  dispersive  detection  (WD)  mode.  In 
addition  to  the  normal  SE,  BSE,  and  EDX  modes,  this 
instrument  also  has  an  automated  scanning  WD  capa¬ 
bility  controlled  by  a  Tracor-Northem  5500  computer. 
This  makes  it  possible  to  analyze  successive  points 
along  a  sample,  which  will  be  referred  to  as  a  linescan. 

The  composite  samples  were  prepared  for  electron 
microprobe  (EMP)  studies  by  cutting  (at  the  midsec¬ 
tion)  perpendicular  to  the  fiber  length  with  a  diamond 
saw.  They  were  then  mounted  in  epoxy  and  ground 
with  silicon  carbide  abrasives.  After  polishing  with  0- 
1.0  ixm  diamond  powder,  the  samples  were  sonicated  in 
a  water-based  cleaning  solution  and  then  in  methanol. 
The  CVD-yttria  coated  fibers  were  broken  in  half  to 
expose  the  fiber/coating  interface  for  SEM  imaging. 
All  samples  were  carbon  coated  at  <5  x  10"6  Torr, 
using  a  carbon  evaporator. 

The  standards  used  for  the  Electron  Microprobe 
study  were  silica  (for  SiK„  and  OK„  x-rays);  nickel 
(for  Ni  Ka);  yttria  (for  Y  L„)  from  99.99%  powder 
(purchased  from  Alpha  Products);  and  aluminum  (for 
Al  K„),  all  of  which  were  similarly  carbon  coated. 


III.  RESULTS  AND  DISCUSSION 
A.  Precursor  decomposition 

In  general,  analysis  of  the  volatile  products  that  re¬ 
sulted  from  the  pyrolysis  of  the  YL3  complexes  indi¬ 
cated  that  the  fragmentation  of  Y(fod)3  was  greater 
than  that  of  Y(thdb,  as  evidenced  by  the  number  and 
relative  amounts  of  the  different  gaseous  byproducts 
detected.  This  is  consistent  with  prior  mass  spec¬ 
tral  studies,1415  which  show  less  fragmentation  for  the 
thd-metal  complexes  as  compared  to  the  more  numer¬ 
ous  peaks  and  complex  fragmentation  of  the  metal 
complexes  of  the  type  ML,  (where  L  =  fluorinated  0- 
diketone).  Isobutylene,  tetrafluoroethylene,  1,1-difluoro- 
ethylene,  fluoroform,  and  fluoroethylene  were  detected 
by  GCFTIR  as  the  major  volatile  components  of  the 
trapped  pyrolysis  products  from  the  Y(fod)3  decomposi¬ 
tion.  These  fluorinated  hydrocarbons  arc  not  derived 
from  simple  fragments  of  the  fod  ligand,  suggesting  that 
extensive  rearrangement  accompanies  fragmentation  of 
the  precursor  on  pyrolysis.  This  mobility  of  the  fluorine 
atom  was  also  suggested  by  the  nature  of  the  fragments 
observed  in  the  prior  mass  spectrometry  studies1415  of 
similar  fluorinated  /3-diketonate  complexes. 

In  contrast  to  Y(fod)3,  the  pyrolysis  of  Y(thd)3 
yields  two  major  volatile  components,  isobutylene  and 
propylene.  Also  detected  by  using  GCFTIR  were  pro¬ 
pane,  isobutane,  n-butane,  ethane,  ethylene,  methane, 
and  carbon  dioxide.  The  identity  of  isobutylene  and 
propylene  was  confirmed  by  200  MHz  nmr  spec¬ 
troscopy  using  benzene-d6  as  the  solvent  and  reference 
(using  the  residual  protons  at  S  =  7.15).  In  a  negative 
ion  mass  spectrometry  study  of  related  M(thd)3  com¬ 
pounds,  Garnett  et  al.  observed  fragments  which  were 
attributed  to  the  loss  of  a  methyl  radical,  methane,  a 
t-butyl  radical,  isobutylene,  and  isobutane.15  Our  mass 
spectrometric  study  of  the  Y(thd)3  precursor  revealed 
three  major  peaks  with  m/z  ratios  of  57  (/  =  100),  455 
(/  =  24.92),  and  581  (/  =  9.66).  These  three  peaks  are 
consistent  with  a  t-butyl  ion  (C«Hg*)  for  m/z  =  57, 
Y(thd)2  at  m/z  =  455,  and  the  fragment  (m/z  =  581), 
possibly  resulting  from  the  loss  of  a  (t-C«Hg)"  from 
Y(thd)j.  The  loss  of  a  t-butyl  group  on  pyrolysis  is  also 
suggested  by  the  observation  of  isobutane  and  iso¬ 
butylene  as  gaseous  products  of  the  CVD  using  Y(thd)3. 
Both  gases  could  arise  from  a  t-butyl  radical  which 
could  either  combine  with  a  hydrogen  atom  from  the 
ligand  or  lose  hydrogen  to  another  species. 

Clobes  has  suggested  a  mechanism  for  the  rear¬ 
rangement  of  MO-diketonate),  mass  spectral  fragmen¬ 
tation  products  which  may  account  for  our  observation 
of  CO:(g)  as  one  of  the  products  of  the  thermal  decom¬ 
position  of  Y(thdb.16  This  proposed  mechanism  starts 
with  a  fragment  [LM(L-R)]"  which  has  lost  an  initial 
/3-diketonate  ligand  and  an  R  group. 
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A  similar  process  can  be  envisioned  in  the  case  of 
the  thermal  decomposition  of  Y(thd)3  except  that  the 
initial  species  would  be  the  radical  (thd)2Y(L*)  instead 
of  [LM(L*)]*  {where  L*  =  (thd)~  ligand  minus  a  t-butyl 
radical}.  Evidence  for  the  corresponding  f(thd)2  Y(L*)J* 
species  was  obtained  both  in  our  chemical  ionization 
(using  methane)  mass  spectrometry  experiments  and 
also  in  other  mass  spectrometry  studies  of  Y(thd)316*,b 
performed  using  electron  ionization.  It  is  interesting  to 
note  that  CO2  was  not  detected  in  the  products  from 
the  pyrolysis  of  the  Y(fod)3  compound.  This,  in  part, 
could  be  attributed  to  the  greater  fragmentation  and 
reactivity  of  the  Y(fod)3  complex  which  would  preclude 
the  intramolecular  rearrangement  needed  in  this  mecha¬ 
nistic  scheme. 

B.  Oxide  coating  purity 

Preliminary  CVD  studies  employing  the  two  differ¬ 
ent  precursors  were  performed,  using  dry  N2(g)  as  the 
carrier  gas  and  Si(lOO)  as  the  substrate,  in  order  to 
choose  the  best  CVD  precursor  to  yttrium  oxide.  In  ad¬ 
dition  to  volatility,  the  criteria  that  were  used  included 
the  coating  surface  morphology  and  oxide  purity  as  de¬ 
termined  by  using  scanning  electron  microscopy  and 
Auger  electron  spectroscopy,  respectively. 

By  using  SEM  there  was  no  clear  difference  in  the 
surface  morphologies  of  the  coatings  resulting  from  the 
decomposition  of  these  two  precursors.  Both  coatings 
were  ca.  1  jxm  thick  and  had  a  very  smooth  surface 
morphology  with  the  only  obvious  difference  being  in 
the  color  of  the  coating.  The  coating  from  the  Y(thd)3 
precursor,  deposited  on  silicon,  appeared  translucent 
white  in  color  while  deposition  of  the  Y(fod)3  precursor 
on  silicon  produced  a  coating  which  was  distinctly 
darker.  Auger  electron  spectroscopy  of  the  dark  coating 
obtained  from  the  Y(fod)3  precursor  revealed  gross  car¬ 
bon  incorporation  along  with  considerable  fluorine  con¬ 
tamination.  Both  impurities  were  uniformly  distributed 
throughout  the  coating  thickness,  as  determined  by 
Auger  depth  profiling.  This  observation  is  consistent 
with  previous  mass  spectrometry  studies  of  similar 
fluorinated  0-diketonate  complexes,  which  indicate 
fluorine  migration  to  the  metal  center.  The  two  re¬ 
ported  mechanisms  involve  either  a  fluorinated  methyl 
radical  or  a  fluorine  radical  migration  to  the  metal  cen¬ 


ter.1415  This  methyl  radical  migration  is  more  likely  to 
occur  in  the  case  of  a  fluorinated  compound  due  to 
the  carbon/carbon  bond  destabilization  induced  by  the 
fluorine  atom.14  Auger  electron  spectroscopy  of  the 
translucent  white  coating  produced  by  the  decomposi¬ 
tion  of  Y(thd)3  indicated  much  less  carbon  impurity 
compared  to  the  film  produced  from  Y(fod)3  (Fig.  2). 

Therefore,  although  the  fluorinated  complex 
{Y(fod)3  ■  YH20}  was  more  volatile,  the  films  produced 
from  the  CVD  of  this  compound  were  unsatisfactory 
due  to  excess  carbon  and  fluorine  incorporation.  In  this 
case  attempts  to  remove  the  excess  carbon  and  fluo¬ 
rine,  by  using  a  N2/H20(g)  carrier  gas,  resulted  in  sig¬ 
nificant  precursor  decomposition  before  sublimation. 
This  is  most  likely  due  to  the  smaller  steric  bulk  of  the 
fluorinated  propyl  groups  of  Y(fod)3,  making  the  com¬ 
pound  reactive  toward  water  vapor.  In  contrast,  yttria 
was  successfully  applied  using  the  MOCVD  precursor 
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FIG.  2.  Auger  electron  spectra  of  yttria  coatings  on  silicon  pro¬ 
duced  from  the  decomposition  of  (A)  Y(thdb  and  (B)  Y(fod)j  using 
dry  Nj(g)  as  the  carrier  gas.  The  surfaces  of  both  yttria  coatings 
were  etched  for  8  min  (using  Ar*  sputtering)  prior  to  recording 
the  spectra. 
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Y(thd)3  without  any  significant  decomposition,  even 
when  using  N:/H:0(g)  as  a  carrier  gas,  allowing  con¬ 
trol  of  the  coating  purity  and  morphology.  This  stability 
is  in  part  due  to  the  ability  of  the  tertiary  butyl  groups 
to  sterically  hinder  any  additional  coordination  at  the 
yttrium  center.8  Therefore,  as  a  result  of  this  prelimi¬ 
nary  study  Y(thd)j  was  chosen  as  the  precursor  to  be 
used  for  the  deposition  of  yttria. 

Measurements  of  the  relative  carbon  content  by 
Auger  electron  spectroscopy  were  also  employed  in  ef¬ 
forts  to  optimize  the  CVD  coating  process.  Yttria  de¬ 
positions  on  silicon  were  performed  using  the  Y(thd)3 
precursor  at  different  source  temperatures,  deposition 
rates,  and  gaseous  environments  while  both  the  coating 
surface  morphology  (SEM)  and  the  carbon  content 
(AES)  were  monitored.  An  AES  depth  profile  was  per¬ 
formed  once  the  best  CVD  conditions  were  found  that 
provided  a  minimum  of  carbon  contamination  through¬ 
out  the  coating  thickness  with  a  smooth,  crack-free  sur¬ 
face  morphology  (Fig.  3).  These  CVD  conditions  were 
a  ^0.15  /xm/h  deposition  rate  (i.e.,  1.5  fim  over  10  h), 
80  ccm  flow  of  N;(g)  saturated  with  H20,  dynamic 
pressure  of  ca.  1.5  Torr,  and  a  600  °C  substrate  tempera¬ 
ture.  An  AES  depth  profile  indicated  that  the  coating 
was  uniform  in  composition  throughout  the  thickness. 
Water  vapor  has  been  used  previously  in  the  CVD  of 
this  compound  in  order  to  produce  oxide  films  of  higher 
purity.9 12 13  The  role  of  water  vapor  has  not  been  deter¬ 
mined;  however,  it  could  aid  in  the  removal  of  the  Hthd 
ligand,  by  hydrolysis,  or  it  could  serve  as  a  source  of  H 
and  OH  in  quenching  the  organic  radical  byproducts. 

tBu  tBu  OH 

\  /  \  „!0  \  / 

e.g.  C  -  C+  C  +  tBuH 

I  I  I 

o  o  o 

/  /  / 

One  of  the  coated  fibers  was  analyzed  by  Debye- 
Scherrer  XRD.  This  was  done  both  to  determine  if  the 
yttria  was  crystalline  and  to  detect  any  yttrium  oxycar- 
bide  (Y2OC)  that  can  form  in  the  presence  of  excess 
carbon,  as  reported  by  Holcombe  and  Carpenter.17  The 
observed  lines  were  attributable  only  to  yttrium  oxide 
and  /3-silicon  carbide.  No  yttrium  oxycarbide  or  any 
other  crystalline  impurities  were  detected. 

C.  Reactive  sintering  process 

The  Ni3Al  matrix  was  formed  by  reactively  sin¬ 
tering  an  intimate  mixture  of  nickel  and  aluminum 
powder.1*  Once  initiated  at  about  650  °C,  this  highly 
exothermic  reaction  rapidly  proceeds  with  the  dissolu¬ 
tion  of  the  nickel  into  the  molten  aluminum,  resulting 
in  formation  of  the  intermetallic  compound  NijAl.  In 


/ 

f 

B 


FIG.  3.  (A)  This  ca.  I  jun  thick  yttria  coating  was  obtained  at 
0.1  tim/b  deposition  rate  and  a  dynamic  pressure  of  2.0  Torr  using 
HjO-saiurated  N;(g)  as  a  carrier  gas.  (a)  Yttria  coating,  (b)  carbon- 
rich  layers  of  the  SCS-6  SiC  fiber,  and  (c)  silicon  carbide.  ( B)  Lower 
magnification  view  of  the  yttria-coated  SCS-6  silicon  carbide  fiber 
in  (A),  broken  to  reveal  the  coating. 

fact,  the  exotherm  is  large  enough  to  drive  the  reaction 
to  completion  along  with  a  sharp  increase  in  tempera¬ 
ture  to  51300  °C.  As  was  verified  by  experiments  car¬ 
ried  out  using  uncoated  silicon  carbide  fibers,  at  these 
temperatures  the  fiber  can  be  totally  consumed  in  only 
a  few  minutes. 

D.  Flber/matrlx  reaction 

Previous  workers  have  indicated  the  occurrence  of 
a  gross  reaction  between  silicon  carbide  and  nickel  or 
nickel  base  alloys  at  temperatures  greater  than  about 
700  'C.2-3'5  The  nickel  and  silicon  seem  to  be  the  more 
active  species  which  diffuse  into  the  fiber  and  matrix, 
respectively.  The  nickel  and  silicon  carbide  react  to 
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form  free  carbon  (as  graphite)3  and  nickel  silicides  such 
as  Ni;Si  and  Ni3Si.3'5  20‘22  Mehan  and  Jackson3  have  re¬ 
ported  on  the  reaction  of  the  nickel  base  alloy,  NiCrAl, 
with  hot  pressed  silicon  carbide.  In  their  detailed  study, 
they  found  5— Ni2Si  and  graphite  as  alternating  layers 
on  the  silicon  carbide  side  of  the  SiC/NiCrAl  reaction 
couple.  Our  present  results,  as  determined  from  elec¬ 
tron  microprobe  analysis  (EMPA)  of  a  partially  reacted 
SiC  fiber/NijAl  sample,  also  indicate  that  the  silicon 
carbide  fiber  has  reacted  to  form  a  phase  whose  nickel- 
to-silicon  ratio  is  consistent  with  Ni2Si  {vide  infra). 

All  of  the  previously  reported  studies  were  per¬ 
formed  using  a  nickel  base  preformed  alloy  where  the 
reaction  with  silicon  carbide  was  initiated  by  hot  press¬ 
ing  the  two  components  at  temperatures  ^  1150  °C.  The 
reaction  in  the  case  of  the  SiC/Ni3Al  is  further  compli¬ 
cated  by  the  fact  that  the  Ni3Al  in  this  study  is  pro¬ 
duced  from  the  highly  exothermic  reaction  between  a 
mixture  of  nickel  and  aluminum  powders.  Since  high 
temperatures  (51300  °C)W  are  potentially  reached  be¬ 
fore  all  of  the  reactants  can  be  totally  consumed,  free 
elemental  nickel  as  well  as  the  Ni3Al  are  both  likely 
to  be  available  for  reaction  with  the  silicon  carbide. 
Therefore  the  two  most  likely  reaction  sequences  that 
are  possible  would  be: 

SiC(s)  +  NijAl(s)  -*  Ni2Si(s)  +  C(gr)  +  NiAl(s) 

and 

2Ni(s)  +  SiC(s)  -  Ni2Si(s)  +  C(gr) 

Furthermore,  the  reaction  of  silicon  carbide  is  known 
to  be  most  rapid  with  elemental  nickel  and  slowest  with 
the  more  complex  and  nickel  deficient  compounds.3 
The  reaction  between  silicon  carbide  and  different 
nickel  compounds  will  be  discussed  further  in  the  sec¬ 
tion  dealing  with  the  further  heating  of  the  composite. 

E.  Effect  of  yttria  coatings 

Coatings  other  than  yttria  have  been  tried,  with 
limited  or  no  success,  for  the  protection  of  silicon  car¬ 
bide  from  nickel  base  alloys.  Comie  and  collaborators23 
have  tried  to  protect  silicon  carbide  filaments  from  re¬ 
action  with  a  NiCrAl Y  matrix  by  using  a  CVD  tung¬ 
sten  barrier  coating  on  the  fibers.  They  reported  that 
there  was  limited  success  provided  that  the  tungsten 
coating  was  defect-free  and  adequate  in  thickness.23 
However,  this  protection  was  lost  after  the  tungsten 
had  reacted  with  the  NiCrAlY  to  form  various  inter- 
metallic  compounds.23  Mehan  and  Jackson6  have  shown 
that  a  sputtered  yttria  coating  was  quite  successful  as 
an  interface  barrier  provided  there  were  no  discontinu¬ 
ities  in  the  yttria  layer.  Mehan  and  Jackson6  also  re¬ 
ported  that  even  though  the  yttria  spalls  off  after  only 
one  heating  cycle,  the  resulting  surfaces  are  modified 
and  continue  to  provide  protection  from  reaction.  It 


was  proposed  that  the  yttria  may  be  reacting  at  the  two 
interfaces  and  forming  compounds  such  as  the  spinel 
Y2SiO?  and  alumina  at  the  ceramic  and  metal  inter¬ 
faces,  respectively,  which  then  serve  as  the  reaction 
barriers.6  This  observation  suggests  the  possibility  that 
a  Y203  coating  on  a  SiC  fiber  could  serve  as  both  a 
protective  layer  and,  after  the  initial  processing  step,  as 
a  weak  interface.  Whereas  a  strongly  bound  yttria  coat¬ 
ing  on  the  silicon  carbide  fiber  would  be  desirable 
during  composite  manufacture,  once  the  fiber  is  in¬ 
corporated  into  the  matrix,  the  yttria  coating  could 
debond  from  the  fiber  (and  matrix),  allowing  some  de¬ 
sirable  energy  absorbing  mechanisms,  such  as  crack 
blunting  and  fiber  pullout,  to  potentially  occur.  In  sup¬ 
port  of  this  assumption,  examination  of  the  fracture 
surfaces  of  composite  samples  containing  Y2Oi-coated 
SCS-6  silicon  carbide  fibers  in  a  reactively  sintered 
Ni3Al  matrix  indicated  a  significant  degree  of  fiber 
pullout.24 

In  the  present  work,  low  pressure  (1-2  Torr)  chemi¬ 
cal  vapor  deposition  (CVD)  was  employed  to  obtain 
uniform  Y203  coatings  on  all  exposed  surfaces  of  the 
silicon  carbide  fibers.  Preliminary  experiments  with 
coatings  of  various  thicknesses  suggested  the  need  for  a 
minimum  coating  thickness.  By  comparison  of  com¬ 
posite  samples  that  contained  fibers  with  coatings  of 
different  thicknesses,  it  was  found  that  fiber  coatings 
50.8  /xm  generally  survived  the  reactive  sintering 
(R.S.)  step  whereas  the  $0.6  fim  coated  fibers  did  not. 
The  latter  case  will  be  discussed  in  detail  first. 

A  typical  yttria-coated  fiber  that  did  not  survive 
the  R.S.  step  (i.e.,  $0.6  #im  coating)  is  shown  in 
Fig.  4(B).  This  is  believed  to  be  mainly  due  to  the  small 
cracks  typically  observed  by  using  SEM,  in  such  coat¬ 
ings.  The  partially  protected  fiber  can  be  compared  to 
the  results  of  an  uncoated  fiber  in  a  reactively  sintered 
nickel  aluminide  matrix  [Fig.  4(A)].  Note  that  the  only 
remaining  part  of  the  original  uncoated  fiber  is  the  car¬ 
bon  core. 

The  EMPA  results  (Fig.  5)  for  the  thinly  coated  sili¬ 
con  carbide  fiber  in  Fig.  4(B)  clearly  indicate  that  it  has 
reacted  to  form  compound(s)  containing  mainly  nickel, 
silicon,  and  carbon  while  retaining  its  original  shape. 
The  ratio  of  Ni  to  Si  is  2:1  (at.%),  in  agreement  with 
the  results  of  both  Refs.  2  and  3.  As  was  shown  by  the 
essential  replacement  of  the  silicon  carbide  fiber  by 
nickel  silicide  (Ni2Si),  the  nickel  seems  to  be  the  more 
active  species,  which  diffuses  into  the  fiber.  Also  by 
using  EMPA  it  was  determined  that  the  dark  precipi¬ 
tates  (Fig.  5)  were  carbon,  presumably  graphite.  Similar 
reaction  products  were  observed  by  both  Cornie  et  al.u 
as  a  result  of  incorporating  silicon  carbide  filaments  in 
a  hot-pressed  NiCrAlY  matrix  and  also  by  Yang  et  at.' 
with  SCS-6  SiC  fibers  in  hot-pressed  Ni3Al.  The  sur¬ 
rounding  matrix  was  also  analyzed  and  found  to  contain 
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(  IG  -1  Ai  An  uruojled  SCS-6  silicon  carbide  fiber  in  a  reactivelv 
'iniert’d  nickel  alumimJe  '  Ni  ■  All  mairix  and  (  B)  a  sii^on  carbide 
!  i  Per  t  bin  Is  coaled  w  it  h  v  tin  a  i  •  0  b  urn 1  Note  in  i  A  i  only  the  origi¬ 
nal  carbon  core  remains  unreaclcd 


silicon,  as  well  as  well-defined  areas  of  nickel-deficient 
nickel  alumimde  leg..  Ni,  ,AI)  These  areas  were  re¬ 
vealed  b\  hackscattered  electron  imaging  (BSEI)  of  the 
matrix  region  (see  f  ig  hi.  The  dark-colored  matrix  area 
shown  in  Fig  MA)  was  found  to  have  a  Ni/AI  ratio 
i at  rr  i  of  ca.  5H/3I  h\  {-.MPA.  whereas  the  surrounding, 
lighter  area  gave  a  Ni,AI  lbh/20)  close  ti  that  expected 
tor  NoAl  Other  areas,  closer  to  the  original  silicon 
carbide  fiber  region  were  found  which  contained  sig¬ 
nificant  amounts  of  silicon.  In  general,  the  aluminum- 
rich  i nickel  deficient!  areas  were  tound  to  extend  far 
i’ll  /xmi  trom  the  fiber  whereas  the  silicon-containing 
regions  were  more  confined  to  the  matrix  area  close 


FIG  '  -\n  electron  mirroprobe  profile  showing  ih.it  thins 
coaled  iwilh  vunai  silicon  ca. bide  fiber  u  •  ig  4iB-  has  :c.u ted  to 
form  nickel  sihcides  and  carb  m  precipitates 


(10  /ami  to  the  fiber.  This  indicates  that  nickel  is  more 
mobile  compared  to  silicon. 

In  contrast  to  the  observations  made  on  composites 
containing  thiol;'  coated  silicon  carbide  fibers,  the  re¬ 
sults  typically  obtained  for  the  i().b  /am  thick  vttria- 
coated  fibers  show  no  sign  of  a  gross  reaction  between 
the  fiber  and  the  matrix.  Also,  the  hackscattered  elec¬ 
tron  image  shows  none  of  the  features  in  the  matrix 
area  that  were  very  apparent  in  Fig.  6(A>  it  is  also  no¬ 
table  that  there  is  good  wetting  of  the  y ttria-coated 
fiber  by  the  matrix  [Fig.  7(B)]  even  though  no  pressure 
was  applied  during  the  reactive  sintering  step 

EMPA  results  of  the  fiber  from  Fig.  ~  is  shown  in 
Fig  8.  A  small  amount  of  nickel  has  diffused  into  the 
silicon  carbide  fiber,  ranging  from  0  25(7  near  the  ma¬ 
trix  down  to  0.08rr  (at/7)  near  the  carbon  core  Three 
Imescans  were  performed  on  the  fiber  to  verify  that 
the  diffusion  was  sy  mmetrical  The  results  confirm  that 
all  components  are  in  good  contact  and  that  the  nickel 
had  diffused  in  from  the  surrounding  matrix  The 
aluminum  concentration  within  the  fiber  area  was 
below  detectable  limits,  which  also  rules  out  anv  pos- 
sihle  contamination  by  the  matrix  due  to  polishing 
EMPA  of  the  surrounding  matrix  also  confirms  the  ab 
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FIG.  8  Electron  microprobe  analysis  from  the  carbon  core  of  the 
vttria  protected  silicon  carbide  fiber  to  the  Ni}Ai  matrix.  Note  that 
the  silicon  diffuses  less  than  the  nickel. 

difference  in  the  coefficient  of  thermal  expansion  of 
these  two  sections  of  the  fiber.  Cracks  in  the  yttria 
coatings  at  the  intersection  of  these  layers  with  the  bulk 
silicon  carbide  fiber  were  typically  observed  during  the 
examination  of  the  ends  of  the  coated  fibers  by  SEM. 
The  other  area  of  observed  reaction  is  associated  with 
the  inadequate  coating  of  the  fiber  at  the  point  of  its 
contact  with  the  modified  alumina  boat.  This  was  veri¬ 
fied  by  measurement  of  the  distance  between  the  fiber 
end  and  the  point  of  contact  with  the  boat  in  the  CVD 
coating  apparatus. 

F.  Oxygen  analysis 

The  coated-fiber/matrix  interface  was  also  ana¬ 
lyzed  for  oxygen  by  i-sing  EMPA.  The  analyses  were 
then  compared  for  the  samples  containing  the  unre¬ 
acted  versus  the  reacted  fibers  [Figs.  10(A)  and  10(B), 
respectively].  The  amount  of  oxygen  detected,  by  using 
EMPA  [Fig.  10(A)],  on  either  side  of  the  yttria  layer 
was  less  than  l %  (atomic)  for  the  samples  in  which  the 
fibers  were  unreacted.  This  EMPA  [Fig.  10(A)]  indicates 
that  the  oxygen  is  intimately  associated  with  only  the 


yttria  layer  and  not  the  surrounding  nickel  aluminide 
matrix  or  adjacent  silicon  carbide  fiber.  In  contrast. 
Fig.  10(B)  depicts  an  oxygen  profile  for  the  sample 
shown  in  Fig.  4(B)  (reacted  fiber),  which  indicates  that 
a  significant  amount  (>1  at.%)  of  oxygen  was  incorpo¬ 
rated  into  the  reacted  fiber. 

As  is  obvious  from  a  comparison  of  Figs.  10(A)  and 
10(B),  the  fiber/yttria  interface  for  the  sample  in  which 
the  fiber  had  reacted  was  not  as  clearly  defined  com¬ 
pared  to  the  interface  associated  with  the  unreacted 
sample.  This  is  presumably  a  direct  result  of  the  nickel 
diffusing  into  and  reacting  with  the  silicon  carbide 
fiber  during  the  reactive  sintering  of  the  matrix. 

G.  Effect  of  further  heating  (to  1000  °C) 

Two  composite  samples,  similar  to  the  one  shown 
in  Fig.  7(B),  were  further  heated  in  a  nitrogen  atmo¬ 
sphere  to  1000  °C  for  1  h.  They  were  then  analyzed 
using  scanning  and  backscattered  electron  imaging. 
Since  there  was  not  any  detectable  reaction,  they  were 
reheated  for  an  additional  10  h.  Following  this,  the  re¬ 
sulting  samples  were  ground  well  below  the  surface  ex¬ 
posed  during  the  additional  heating  and  then  prepared 
for  electron  microprobe  analysis,  as  previously  de¬ 
scribed.  Electron  microprobe  revealed  that  the  nickel 
diffusion  profile  of  the  silicon  carbide  fiber  was  identi¬ 
cal  to  that  of  the  unannealed  sample  previously  shown 
in  Fig.  8.  The  backscattered  electron  image  taken  of  the 
sample,  after  it  was  subjected  to  heating  at  1000  °C  for 
11  h,  did  not  reveal  any  evidence  of  inhomogeneities  in 
the  matrix  surrounding  the  fiber. 

Extended  heating  for  a  total  of  100  h  at  1000  °C 
also  had  no  noticeable  effect  cn  the  SiC  fiber  com¬ 
posite.  This  sample  was  then  cut  along  the  fiber  axis 
to  reveal  the  extent  of  protection  provided  by  the  yt¬ 
tria  coating.  Examining  this  longitudinal  section  using 
SEM  and  EMPA  revealed  that  most  (ca.  8.2  mm)  of  the 
11  mm  length  of  fiber  displayed  here  was  totally  pro¬ 
tected  for  100  h  at  1000  °C.  Other  sections,  including 
the  fiber  end  and  the  region  near  the  fibers’  point  of 
contact  with  the  alumina  support,  showed  no  obvious 
further  reaction  beyond  that  which  was  evident  after 
the  initial  reactive  sintering  step. 

Using  the  reaction  rate  data  calculated  for  the 
NiCrAl/SiC  couple,3  we  can  compare  the  two  situations 
that  were  performed  experimentally.  For  the  case  of  a 
reaction  couple  heated  to  1000  °C  for  a  period  of  ca. 
11.0  h  the  silicon  carbide  is  expected  to  react  to  a  mini¬ 
mum  depth  of  approximately  30  pm.  If  this  tempera¬ 
ture  were  held  for  a  total  time  of  100  h,  the  reaction 
front  would  be  expected  to  penetrate  the  silicon  car¬ 
bide  fiber  to  ca.  1.2  cm.  This  suggests  that  the  70  ^m 
radius  silicon  carbide  fiber  should  be  almost  halfway 
consumed  after  being  held  for  only  11  h  at  1000  °C  and 
completely  consumed  after  100  h  at  this  temperature. 
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f  I  ( i  '*  I  -'niiitmJm.il  section  taken  after  the  cross  section  of  the  original  composite  A>  The  overall  view  shows  the  r  s*. « >  ncnated  .ihm 
one  that  was  m  contact  vs 1 1 h  the  alumina  support  and  the  fiber  end  iB>  Higher  magnification  of  the  tvpKji  section  ot  the  fiber  h-gh 
m.mniti-- at i  'n  of  fiber  matrix  interface  shown  in  inset)  <a>  Nickel  alumimde  matrix  and  ih.ci  the  carbon  ruh  outer  lasers  *>i  the  v  s 
fitter  <  -  Higher  magnitication  view  of  an  uncoated  area  of  the  fiber  showing  extensive  reaction  with  the  matrix 
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FIG.  10.  Electron  microprobe  analysis  of  the  oxygen  distribution 
centered  around  the  yttrium  oxide  coating  for  the  sample  shown  in 
(A)  Fig.  7  (unreacted  fiber)  and  (B)  Fig.  4(B)  (reacted  fiber). 


IV.  CONCLUSION 

Of  the  two  precursors  examined  as  OMCVD  pre¬ 
cursors  to  yttria,  Y(fod)3  •  YH2O  and  Y(thd)3,  the  non- 
fluorinated  compound,  Y(thd)3,  was  found  to  give  the 
highest  quality  yttria  coatings. 

The  CVD-yttria  coated  SiC  fibers  survive  the  large 
exotherm  produced  by  the  reactive  sintering  of  the 
nickel  and  aluminum  powder  in  forming  the  Ni3Al  ma¬ 
trix.  It  was  determined  that  significant  reaction  be¬ 
tween  the  fiber  and  matrix  occurs  only  at  the  areas  on 
the  fiber  where  the  coating  is  cracked  or  too  thin.  The 
resulting  pressureless  sintered  composite  is  shown,  by 
SEM,  to  be  free  of  major  voids  in  the  matrix  and  at  the 
interfaces  between  the  fiber,  coating,  and  matrix. 
EMPA  studies  of  reacted  (inadequately  coated)  SiC 
fibers  indicate  that  the  nickel  is  more  mobile  compared 
to  the  silicon  while  carbon,  yttrium,  oxygen,  and  alu¬ 
minum  remain  localized.  The  small  amount  of  nickel 
diffusion  detected  after  the  teactive  sintering  of  the 
matrix  did  not  increase  on  further  heating  at  1000  °C 
for  11  h.  It  is  suspected  the  majority  of  the  nickel  diffu¬ 
sion  occurs  while  there  is  still  free  elemental  nickel  dur¬ 


ing  the  reactive  sintering  step  since  free  nickel  would 
both  react  with3  and  diffuse  into  the  silicon  carbide 
more  quickly.  Except  for  the  small  amount  of  nickel 
diffusion  detected  after  the  reactive  sintering  step,  the 
silicon  carbide  fiber  underwent  no  further  reaction  with 
the  surrounding  Ni3Al  matrix  even  after  heating  at 
1000  °C  for  100  h. 
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corresponded  to  the  "gross  reaction  layer"  observed  optically. 
The' next  layer  out  had  an  average  composition  of  Ti3Al.  This 
layer  was  followed  by  a  regime  in  which  the  aluminum  content 
slowly  dropped  to  zero,  with  a  concomitant  increase  in  titanium 
content  toward  the  bulk  composition.  Oxygen  concentrations 
could  not  be  measured  in  this  system. 

More  recently,  Chamberlain  [2]  investigated  this  system  by 
depositing  titanium  by  electron  beam  evaporation,  to  a 
thickness  of  200  nm,  on  a  single  crystal  (111)  sapphire  surface 
and  heat  treating  for  4.5  hours  at  800  K.  After  heat 
treatment,  the  samples  were  analyzed  by  Auger  electron 
spectrometry  to  determine  the  composition  profile  at  the 
interface.  The  analysis  involved  monitoring  the  oxygen, 
titanium  and  aluminum  Auger  peaks  as  the  film  was  removed  by 
argon  ion  sputtering.  The  aluminum  peak  was  monitored  at  high 
energy  resolution  to  permit  separation  of  contributions  from 
metallic  aluminum,  and  aluminum  present  as  oxide.  The 
resulting  depth  profiles  showed  a  metallic  aluminum  layer  at 
the  interface,  with  oxidized  aluminum  restricted  to  the  Al^Oj 
side  of  the  interface.  The  final  oxygen  content  of  the 
titanium  film  was  high,  probably  due  to  indiffusion  of  oxygen 
from  the  ambient  atmosphere  during  heating. 

In  the  present  work,  we  have  repeated  the  study  of  the  Ti- 
Al.Oj  interface,  using  methods  similar  to  those  of  Chamberlain, 
ana  extended  the  work  to  TiAl-AljOj,  TiTaAlj-Al^Qj,  Ta-Al20,  and 
Y-AljOj  interfaces,  with  the  intent  of  determining  the  effect 
of  interface  composition  on  interfacial  reactivity. 


2.  Experimental 

The  experimental  interface  samples  were  formed  by  sputter 
deposition  of  the  appropriate  metal  or  alloy  onto  a-Al203(l010) 
plates,  0.3cm2  in  area,  1mm  thick.  The  A1203  plates  were 
ultrasonically  cleaned  prior  to  the  deposition  process,  using 
successive  baths  of  detergent  water,  distilled  water,  acetone 
and  ethanol.  Deposition  was  carried  out  in  a  dc  magnetron 
sputtering  system  using  metal  targets  of  the  desired  final 
composition.  Targets  used  included  pure  titanium,  tantalum  and 
yttrium  obtained  from  Alfa  Products  Division  of  Johnson  Matthey 
and  TiAl  and  TiTaAl2  alloy  targets  obtained  from  Pure  Tech, 
Inc.  No  effort  was  made  to  compensate  for  differential  sputter 
yields.  The  background  pressure  in  the  system  prior  to 
deposition  was  in  the  high  10'8  torr  range.  The  experimental 
system  permitted  the  preparation  of  as  many  as  ten  samples 
simultaneously.  Film  thicknesses  varied  from  run  to  run  in  the 
200  to  300  nm  range,  but  were  uniform  within  less  than  10%  for 
the  samples  of  a  given  run. 

After  deposition,  one  or  more  samples  from  each  run  was 
reserved  as  an  "as  deposited"  sample.  The  other  samples  were 
heat  treated  for  various  times  and  temperatures  to  induce 
interfacial  reaction.  The  heat  treating  process  was  carried 
out  in  an  ultrahigh  vacuum  system  equipped  with  a  small 
furnace,  capable  of  temperatures  up  to  1200  K.  During  the  heat 
treatment  cycle,  the  pressure  was  maintained  in  the  low  10'9 
torr  range,  which  avoided  the  introduction  of  oxygen  through 
the  free  surface  of  the  film. 


Subsequent  to  the  heat  treatment,  both  the  heat  treated 
samples  and  the  unheated  reference  samples  were  analyzed  to 
determine  the  extent  of  interface  reaction  during  heat 
treatment.  Samples  were  first  examined  by  Rutherford 
backscattering  spectroscopy  (RBS,)  using  1.0  or  2.0  MeV  He* 
ions.  Following  this,  the  samples  were  examined  by  Auger 
surface  analysis  (AES)  and  depth  profile  analysis  using  argon 
ion  sputtering.  The  extent  of  reaction  and  reaction  products 
were  determined  by  comparison  of  the  backscattering  spectra  and 
Auger  depth  profiles  for  the  heat  treated  and  unheated  samples. 

In  the  Auger  analysis,  the  sensitivity  of  the  Auger 
spectrometer  was  standardized  by  adjusting  the  sensitivity  to 
give  a  constant  height  for  the  molybdenum  peaks  from  the 
molybdenum  mask  used  to  hold  the  samples  in  place.  The 
absolute  film  thicknesses  obtained  from  the  backscattering 
spectra  were  used  to  standardize  the  depth  scale. 


Auger  spectra  taken  in  the  course  of  a  depth  profile  run, 
such  as  the  one  shown  in  Figure  1,  indicated  that  the  aluminum 
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Figure  1.  Auger  spectrum  of  a  Ti-  A1203  thin  film  sample, 
after  heat  treatment,  taken  in  the  course  of  a  depth 
profile  measurement.  The  splitting  of  the  aluminum  peak 
near  60  eV  into  contributions  from  metallic  and  oxide 
species  is  evident. 

Auger  peak  in  the  60  eV  region  was  split,  showing  contributions 
from  both  metallic  aluminum  and  oxidized  aluminum,  Al3*. 
Accordingly,  all  depth  profile  studies  recorded  these  two 
contributions  independently. 

3.1  Titanium-Al20,  Interface 

RBS  spectra  obtained  from  as-deposited  and  annealed  films 


of  titanium  on  sapphire  are  shown  in  Figures  2  and  3.  These 
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Figure  2.  RBS  spectrum  of  Ti-AlaOj  couple  -  as  deposited. 

Energy  (MeV) 


Channel 

Figure  3 .  RBS  spectrum  of  Ti-Al203  couple  -  after 
annealing  for  8  hours  at  550°C. 

spectra  differ  in  that  the  titanium  peak  (above  channel  300)  is 
wider  but  less  intense  for  the  annealed  sample,  and  the  oxygen 
edge  (close  to  channel  150)  and  aluminum  edge  (close  to  channel 
250)  are  less  sharp,  and  show  structure  below  the  edge.  These 
features  are  indicative  of  significant  reaction  at  the 
interface.  The  extent  of  reaction  is  even  more  obvious  in  the 
corresponding  Auger  depth  profiles.  Figures  4  and  5.  The 


interface  is  clearly  more  diffuse  for  the  annealed  sample  and 
there  is  a  buildup  of  metallic  aluminum  (the  A1M  peak)  near  the 


Figure  4.  Auger  dpeth  profile  study  of  a  Ti-Al20j  couple 
-  as  deposited 
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Figure  5.  Auger  depth  profile  study  of  a  Ti-Al203  couple 
-  after  annealing  for  8  hours  at  550  °C. 

interface.  There  is  also  significant  diffusion  of  oxygen  into 
the  titanium.  Note  that  these  profiles  show  only  the  region 
close  to  the  interface,  not  the  whole  thickness  of  the  film. 
Far  from  the  interface  the  profile  showed  only  titanium  and  a 
small  amount  of  oxygen. 

These  results  are  similar  to  those  observed  previously  by 
Tressler  et  al  rn  and  Chamberlain  [2].  Thermodynamic  analysis 
of  the  Ti-Al20j  system,  in  which  titanium  aluminide  was 


considered  as  a  possible  reaction  product,  led  to  the  results 
shown  in  Table  l. 


TafrlS-1 


Reaction  AG  (cal /mol) 


A1203 

+ 

7/2Ti 

3/2Ti02  +  2TiAl 

+  21000 

ai2o3 

+ 

13/5Ti 

3/5Ti305  +  2TiAl 

+4100 

ai2o3 

+ 

4Ti 

Ti,03  +  2TiAl 

-4700 

ai2o3 

+ 

5Ti 

3TlO  +  2TiAl 

-23000 

Note  that  the  general  trend  is  that  the  reactions  become 
thermodynamically  more  favorable  as  the  oxidation  state  of  the 
titanium  in  the  oxide  product  decreases. 

3.2~TiAl-  A1203  Interface 

RBS  spectra  obtained  from  TiAl  films  on  Al20,  are  shown 
superimposed  in  Figure  6.  In  this  figure,  the  lack  of 
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Figure  6.  RBS  spectra  of  TiAl-Al203  couples:  A,  as 
deposited.  B,  after  annealing  24  hours  at  850°C. 

correspondence  of  the  A1  and  0  edges  in  the  two  cases  arises 
form  a  calibration  problem  in  the  RBS  system.  The  feature  of 
greatest  interest  in  this  figure  is  the  slight  dip  in  the  A1 
peak  at  the  film-substrate  interface.  This  may  indicate 
preferential  diffusion  of  titanium  into  and  aluminum  away  from 
the  interface,  similar  to  the  results  observed  by  Tressler 
al  [l].  The  Auger  depth  profiles  of  this  interface  are  shown 
in  Figures  7  and  8.  Again  the  interface  has  become  more 
diffuse  as  a  result  of  the  annealing  process,  but  the  extent  of 
interdiffusion  is  much  less  here  than  in  the  case  of  the  Ti- 
A120j  interface,  and  there  is  no  obvious  increase  in  the  Al^ 
peak  near  the  interface.  Note  that  the  annealing  temperature 


j?  higher-  in  this  case  -  810°C  as  compared  to  550«c  for 

the  Ti-AljOj  case  -  indicating  a  much  lower  reaction  rate. 


Figure  7.  Auger  depth  profile  study  of  a  TiAl-Al„0, 
couple  -  as  deposited. 
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Figure  8.  Auger  depth  profile  study  of  a  TiAl-Al,o, 
couple  -  after  annealing  for  24  hours  at  810°c.  2 

3.3  TiTaAl2-Al203  Interface 

RBS  spectra  for  annealed  and  as-deposited  films  in  this 
case  are  shown  superimposed  in  Figure  9.  Here,  aside  from  the 
offset  associated  witt  the  RBS  system  calibration,  the  two 
spectra  are  indistinguishable.  The  Auger  depth  profiles,  shown 
in  Figures  10  and  11,  show  some  increase  in  interface  width, 
but  significantly  less  than  either  of  the  previous  cases. 


3.4  yttrium-Al2o3  Interface 

A  few  measurements  were  made  of  the  interfacial  reactions 
of  yttrium  films  on  A1203.  This  was  done  to  investigate  the 
possibility  of  using  Y203  as  a  barrier  layer  to  reduce  the 
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Figure  9.  RBS  spectra  of  TiTaAl2-Al2o3  couples:  A,  as 
deposited.  B,  after  annealing  24  hours  at  850 °c. 
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Figure  10.  Auger  depth  profile  study  of  TiTaAl2-Al203 
couple  -  as  deposited. 

reactivity  of  the  titanium-Al203  interface.  As  shown  in  Figure 
12 ,  the  RBS  spectra  in  this  case  indicate  extensive  interfacial 
reaction,  even  for  relatively  short,  low  temperature  anneals, 
with  the  formation  of  interfacial  layers  of  yttrium  oxides  and 
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Figure  11.  Auger  depth  profile  study  of  TiTaAl2-Al20j 
couple  -  after  annealing  8  hours  at  810 °C. 

yttrium  aluminum  oxides,  with  aluminum  diffusing  as  far  as  the 
surface  of  the  film.  It  is  clear  that  if  Y,%  is  to  be  used  as 
a  barrier  layer,  it  will  have  to  be  deposited  as  the  oxide. 
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Figure  12.  RBS  spectra  of  Y-A1203  couple:  A,  as 
deposited,  B,  after  annealing  4  hours  at  550°c.  C,  after 
annealing  8  hours  at  550 °C. 

3.4  Tantalum-AljOj  Interface 

A  set  of  measurements  made  with  pure  tantalum  films  on 
A1203  indicated  negligible  interfacial  reaction,  as  expected  on 
thermodynamic  grounds. 


4. 


The  results  obtained  clearly  indicate  that  the  titanium- 
A120j  interface  is  highly  reactive,  even  at  relatively  low 
temperatures . 

Use  of  intermetallic  matrixes  such  TiAl  or  TiTaAl2  greatly 
reduces  the  tendency  toward  interfacial  reactions,  with  the 
interface  stability  increasing  with  the  addition  of 
tantalum. 

The  use  of  Y20,  as  a  barrier  layer  is  suggested  on 
thermodynamic  grounds.  Present  results  with  yttrium  are 
inconclusive,  due  to  our  inability  to  deposit  the  oxide  using 
available  equipment. 

Tantalum  films  are  unreactive  with  A1203.  and  might,  if 
thick  enough,  serve  as  a  barrier  layer  in  a  titanium  matrix 
system. 

Acknowledgments 

This  work  was  supported  in  part  by  ONR/DARPA  as  part  of 
the  High  Temperature  Advanced  Structural  Composites  Program  at 
Rensselaer.  Thermodynamic  calculations  were  carried  out  by  Dr. 
Singh,  of  the  Rensselaer  Chemistry  Department.  The  authors 
wish  to  thank  Dr.  Shin  Hashimoto  of  the  Physics  Department  at 
SUNY/Albany  for  the  use  of  the  Rutherford  backscattering  system 
and  assistance  in  analysis  of  the  RBS  spectra. 

Rgfgrsnggg 

1.  R.  E.  Tressler,  T.  L.  Moore  and  R.  E.  Crane.  J.  of 
Materials  Sci.  fi,151,  (1973). 

2.  M.  B.  Chamberlain.  J.  Vac.  Sci.  Technol.  15,  240, 
(1978)  . 


HOLLOW  CATHODE  SPUTTER  DEPOSITION  OF  TITANIUM 
ONTO  CARBON  FIBER  TOWS 


Bryan  Lagos  and  John  B.  Hudson 
Materials  Engineering  Department 
Rensselaer  Polytechnic  Institute 
Troy,  NY  12180 


(To  be  submitted  to  Journal  of  Vacuum  Science  and  Technology) 


Two  cylindrical  hollow  cathode  magnetron  (CHCM)  sputtering 
systems  were  constructed  to  reactively  sputter  coatings  of  refractory 
materials  onto  carbon  fibers  in  order  to  protect  these  fibers  within  a 
matrix  environment.  Because  of  the  inherent  cylindrical  symmetry  in 
this  type  of  cathode,  cylindrical  objects  such  as  carbon  fibers  are 
naturally  given  an  even  coating  on  their  outer  surfaces.  Using  this 
type  of  cathode,  it  was  possible  to  deposit  thin  films  of  titanium  onto 
carbon  rods  at  high  sputter  deposition  rates.  The  addition  of  nitrogen 

to  the  inert  sputter  gas  atmosphere  was  used  to  produce  non* 
stoichiometric  coatings  of  the  refractory  compound  TiNx.  Plasma  leakage 

in  the  cathode  had  the  added  benefit  of  bombarding  substrates  with  the 
sputtering  plasma,  resulting  in  electrostatic  charging  that  could  spread 
fibers  within  a  carbon  fiber  tow.  Under  this  condition  it  was  possible 
to  evenly  coat  each  fiber  within  a  bundle  with  titanium. 

Iacsl  II  Inttatastisn 

In  order  to  alleviate  interface  problems  that  occur  when  carbon 
fibers  are  incorporated  into  the  matrix  material  of  composites,  thin 
films  of  various  materials  are  deposited  onto  the  fibers  prior  to  their 
insertion  into  the  matrix  material .  These  interface  problems  arise  from 
a  combination  of  effects  resulting  from  the  differences  between  the  two 
materials,  including  poor  wetting  of  the  carbon  surface  by  the  matrix 
material,  reactions  between  the  fiber  and  matrix  material,  and 
differences  in  the  coefficient  of  thermal  expansion  of  the  two 
materials. Thin  films  or  thick  films  can  act  as  functionally 


gradient  -coatings  and  diffusion  barriers  and  hence  can  alleviate  some  of 
these  problems.  As  well  as  protecting  the  fiber  during  the  process  of 
combining  the  fiber  with  the  matrix,  coatings  may  promote  the  wetting 
and  bonding  of  the  fiber  with  the  matrix.  We  have  constructed  and 
tested  a  cylindrical  hollow  cathode  magnetron  (CHCM)  sputtering 
cathode^*^  for  coating  carbon  fibers.  This  paper  deals  with  the 
sputtering  of  titanium  and  the  reactive  sputtering  of  TiN  as  a  prelude 
to  the  sputtering  of  refractory  metal  borides.  All  hardware  and 
techniques  developed  herein  for  working  with  Ti  and  TiN  easily  lend 
themselves  to  adaptation  to  a  metal -boride  sputtering  system. 

firt  -II; _ Experimental  Apparatus 

Two  separate  CHCM  sputtering  cells  were  designed  and  built  in  our 
laboratory.  These  were  operated  within  two  separate  vacuum  systems. 
Schematic  views  of  the  first  and  second  sputtering  systems  with  their 
associated  cathodes  are  shown  in  Figures  1,  2  and  3,  4  respectively. 

Each  CHCM  was  powered  by  a  0.8  Amp,  250  Volt  D.C.  power  supply. 
The  cathode  bodies  were  constructed  of  copper  to  ensure  efficient 
cooling  of  the  target  surface.  The  target  area  of  each  cathode 
consisted  of  a  sheet  of  titanium  rolled  into  a  cylinder  with  a  diameter 
of  approximately  one  inch,  and  a  length  of  one  inch.  The  cathode  in 
each  design  was  insulated  from  the  anodes  by  two  annular  ceramic  inserts 
cut  from  machinable  ceramic.  The  anodes  were  constructed  of  stainless 
steel  and  iron  in  the  first  and  second  CHCMs  respectively.  Although  a 
solenoid  coil  originally  surounded  the  first  cathode  to  produce  a 


magnetic  field  for  magnetron  operation,  the  solenoid  was  soon  replaced 
with  two  solid  annular -shaped  ceramic  magnets,  placed  at  the  ends  of  the 
CHCM  assembly.  This  same  magnet  configuration  was  used  for  the  second 
cathode . 

The  sputter  chamber  used  in  conjunction  with  the  first  cathode  was 
evacuated  by  the  multi-stage  pumping  system  illustrated  in  Figure  1. 
All  components  in  the  high  vacuum  parts  of  the  system  were  made  from  304 
stainless  steel  and  are  joined  using  copper  gasket  technology.  The 
system  was  used  to  achieve  base  pressures  in  the  10~9  range.  Sample 
introduction  and  movement  between  the  cathode  and  oven  was  achieved  via 
a  magnetic  coupling  system  that  transferred  both  translational  and 
rotational  motion  to  the  substrates.  Gas  flow  into  the  system  was 
regulated  by  two  piezoelectric  mass  flow  controllers. 

The  sputter  chamber  used  in  conjunction  with  the  second  CHCM  is 
shown  in  Figure  3.  This  system  was  also  constructed  of  stainless  steel 
using  copper  gasket  technology  and  could  achieve  base  pressures  in  the 
lO*^  range.  The  sample  manipulator  indicated  in  Figure  3  could  place 
samples  within  the  main  chamber  by  use  of  a  stainless  steel  rod  that 
slid  within  a  differentially  pumped  chamber. 

ZL  Procedures  gad  Results 

4  Preliminary  Testing  of  Cathode  I  and  Version  I  of  the  Sputtering 

System. 

As  an  initial  test  of  the  first  sputtering  system,  titanium  was 
deposited . onto  a  3  inch  long  segment  of  copper  wire  (2  mm.  in  diameter) 


at  a  pressure  of  200  mtorr  of  Argon  with  no  gas  flow.  After  the  solenoid 
coil  magnetron  established  a  magnetic  field,  the  power  supply  to  the 
cathode  (version  1)  was  turned  on,  producing  a  power  of  approximately  85 
watts.  The  resulting  plasma  was  not  contained  entirely  within  the 
cathode  cavity  since  each  of  the  two  cathode  openings  emitted  dim  jets 
of  plasma.  After  five  minute  presputter,  the  copper  wire  was  inserted 
into  the  cathode  for  fifteen  minutes .  An  AES  depth  profile  of  the 
titanium  coating  is  shown  in  Figure  5.  This  figure  shows  the  large 
amount  of  carbon  and  oxygen  contaminants  contained  within  the  film. 

In  an  attempt  to  identify  the  cause  of  the  contamination  of  the  Ti 
film  by  carbon  and  oxygen,  an  experiment  Identical  to  that  above  was 
performed,  except  this  time  argon  was  slowly  bled  into  the  chamber  while 
being  removed  by  the  turbopump.  The  pressure  was  maintained  at  200 
mtorr.  After  a  5  minute  presputter,  the  copper  wire  substrate  was 
inserted  into  the  cathode  for  a  period  of  two  minutes.  An  AES  depth 
profile  of  this  material  is  shown  in  Figure  6.  This  deposition 
obviously  resulted  in  a  much  purer  film,  indicating  that  sputtering  with 
a  flow  of  gas  through  the  system  could  create  higher  purity  films  than 
sputtering  with  no  such  flow. 

In  order  to  demonstrate  the  ability  of  the  cathode  cell  to  coat 
carbon  substrates,  several  three  inch  long  rods  (1/8  inch  diameter)  of 
pressed  vitreous  carbon  were  individually  Introduced  into  the  deposition 
chamber  in  a  series  of  experiments .  Argon  was  bled  into  the  chamber 
through  one  of  the  two  piezoelectric  gas  leak  valves  throughout  the 
experiments.  Argon  pressure  was  maintained  at  250  mtorr  by  the  pumping 
action  of  the  turbopump.  The  cathode  power  was  112  watts.  After  a  15 
minute  presputter,  the  rod  was  inserted  into  the  cathode  for  2  minutes. 


When  the  carbon  rod  was  removed  from  the  cathode,  it  appeared  to  glow 
red  for  several  seconds,  indicating  a  surface  temperature  in  excess 
of  700  °C.  This  high  substrate  temperature  was  observed  for  all 
depositions  performed  on  carbon  substrates  using  version  I  of  the 
cathode.  Upon  removal  of  the  rod  from  the  chamber,  AES  was  again 
performed  on  the  Ti  coatings.  Figures  7a  and  7b  show  the  results  of  the 
AES  study  on  one  rod,  indicating  a  relatively  pure  deposited  film. 
Metallographic  techniques  were  used  to  obtain  a  thickness  measurements 
as  high  as  1.5x10'^  cm  for  these  titanium  film  depositions  and  a 
resulting  sputtering  deposition  rate  was  7500  Angstroms/minute. 

fi.  Sputtering  of  TIN  using  the  First  Sputtering  System  and  Version 

I  of  the  Cathode. 

Coatings  of  TiNx  were  deposited  onto  a  carbon  rods  in  the  following 

manner.  Rod  were  cleaned  ultrasonically  using  the  same  procedures 
mentioned  previously,  and  were  loaded  into  the  sample  introduction 
chamber.  Each  rod  was  then  brought  into  the  main  chamber  and  was  baked 
out  in  the  oven  at  475  °C  for  1  hour.  The  gas  pressure  was  then 
adjusted  to  a  pressure  of  250  mtorr,  with  a  partial  pressure  of  20X  N2 

in  Argon.  The  magnetron  coil  was  turned  on  and  the  plasma  was  lit  with 
a  power  of  135  watts.  After  a  10  minute  presputter,  the  carbon  rod  was 
then  inserted  for  a  two  minute  sputter  run.  The  AES  depth  profile 
analysis  of  a  resulting  film  is  shown  in  Figure  8.  The  films  appeared 
to  be  a  very  dark  black-reddish  color  with  gold  sparkling  highlights, 
indicating  that  the  films  were  nitrogen  deficient. 


In  order  to  quantify  the  A£S  spectra  taken  of  TiNx,  a 

"standard"  was  obtained  from  Mark  Wittmer  at  IBM  Yorktown  Heights.  The 
standard  consisted  of  a  200  Angstrom  thick  layer  of  TiNx  on  a  silicon 

wafer.  Here  x  is  approximately  equal  to  1.  The  exact  value  of  x  is  not 
known;  however,  the  film  stoichiometric  ratio  was  assumed  to  be  close  to 
1:1  because  of  the  observed  characteristic  gold  TiN  color.  An  AES 
spectrum  and  depth  profile  are  shown  in  Figures  9  and  10. 

Utilizing  the  AES  spectrum  of  this  standard,  it  was  possible  to 
determine  the  N/Ti  ratio  of  the  two  sputtered  TiNx  films.  Using  the 

Auger  results  of  the  Ti  film  in  Figure  7a  and  the  Auger  analysis 
process  of  Laimer  et  al.1^  and  the  equation: 

(N/Ti)s#|npje  —  [  (N/Ti)lw^a^TOW|d]  x  [I<^mpte(383eV)/Is.mrl>,(418eV)  -  k^-,^] . 

(1) 

[where  kTi_Std  -  (383eV/I(418eV)  and  kTiN_Std  -  I(383eV)/I(418eV) ]  a 
ratio  of  N/Ti  equalled  to  0.56  was  obtained  for  the  average  TiNx  sample. 

A  piece  of  the  Ti  sheet  that  was  used  to  construct  the  cathode  was  used 

as  a  Ti  standard  (see  Figure  11).  All  numerical  values  for  peak 

heights  used  in  these  calculations  are  tabulated  in  Table  1. 

It  was  also  possible  to  use  the  TIN  standard  to  calculate  a  rough 

sputter  deposition  rate  for  the  first  TiNx  sample,  assuming  that  the 

sputtering  rates  of  TIN  and  TiNx  are  approximately  equal.  Knowing  that 

the  standard  film  thickness  is  200  Angstroms  and  that  30  minutes  (see 
Figure  11)  were  required  to  sputter  down  to  the  silicon  substrate,  one 

can  calculate  a  sputter  rate  of  6.7  Angstroms /min.  Noting  from  Figure  8 
that  approximately  80  minutes  were  required  to  sputter  through  the  TiNx 


coating,  one  can  calculate  a  film  thickness  of  530  Angstroms.  This 
gives  a  sputter  deposition  rate  of  240  Angstroms/min. 

£  Preliminary  Testine  of  Cathode  II  and  the  Second  Sputtering 

Svstem 

The  first  deposition  attempted  in  the  new  configuration  was  Ti 
deposition  onto  a  carbon  rod.  The  rod  was  cleaned  using  the  usual 
cleaning  procedure  and  was  brought  into  the  sputtering  chamber.  The 
system  was  backfilled  with  argon  to  a  pressure  of  225  mtorr.  The 
cathode  was  presputtered  for  10  minutes  at  a  power  of  90  watts.  There 
were  no  jets  of  plasma  emanating  from  the  cathode  as  was  noted  for  the 
earlier  cathode  configuration,  indicating  that  the  new,  stronger 
magnetic  field  confined  the  plasma  more  effectively  than  the  old. 
Finally  the  carbon  rod  was  inserted  into  the  cathode  for  a  5  min. 
deposition.  After  the  5  min.  deposition,  the  rod  was  removed  from  the 
system  and  a  piece  was  prepared  for  Auger  analysis.  Auger  results  are 
shown  in  Figures  12  and  13.  Although  the  Auger  analysis  indicates  a 
high  degree  of  purity  in  the  upper  layers  of  the  Ti  film,  there  is  a 
large  amount  of  carbon  present  in  the  lower  regions  of  the  film.  This 
is  an  indication  that  the  plasma  is  not  being  effectively  confined  to 
the  cathode  walls  and  is  causing  sputtering  of  carbon  from  the  surface 
of  the  carbon  rod,  to  be  later  redeposited  as  carbon  within  the  film. 
As  the  deposition  proceeded,  the  amount  of  carbon  available  decreased 
and  as  a  result,  the  film  slowly  changed  to  pure  titanium. 

£  Titanium.  Deposition  onto  Carbon  Fiber  Tows 

The  second  group  of  depositions  attempted  with  this  system  were 
titanium  depositions  onto  carbon  fiber  tows.  The  fiber  bundles  consisted 
of  approximately  1000  fibers  of  AKZO  5(C)  Fortafil  fibers,  a  PAN  based 


fiber  with  no  surface  treatment:.  The  average  fiber  diameter  was  7 
microns.  The  fiber  bundles  were  tied  to  a  carbon  rods  using  tantalum 
wire.  A  bundle  was  brought  into  the  sputtering  system  in  the  same 
manner  described  above.  After  pumping  to  a  base  pressure  of  6  x  10*®, 
the  chamber  was  backfilled  to  a  pressure  of  400  mtorr  argon.  The 
cathode  was  presputtered  for  10  minutes  prior  to  the  30  minute  (approx.) 
depositions. 

Upon  removal,  the  fibers  seemed  to  have  bowed  away  from  one 
another,  as  shown  in  Figure  14.  This  bowing  is  evidence  of  the 
electrostatic  repulsion  that  results  from  the  "charging”  of  the  fibers 
within  a  plasma.  Samples  of  the  coated  fibers  were  cleaved  and  placed 
into  a  Jeol  JSM-840  electron  microscope.  A  photograph  of  one  of  the 
fibers  is  shown  in  Figure  IS  and  an  Auger  depth  profile  is  presented  in 
Figure  16.  This  figure  indicates  again  that  resputtered  carbon  was 
integrated  into  the  sputtered  films,  forming  a  titanium  carbide 
material.  The  shape  of  the  Auger  carbon  peak  supportes  this  conclusion 
by  showing  a  small  positive  excursion  accompanied  by  a  large  negative 
excursion.  This  peak  shape  indicates  the  presence  of  a  carbon  compound, 
rather  than  elemental  carbon. 

Given  a  coating  thickness  of  approximately  1  micron  as  evidenced  in 
the  SEH  photograph,  one  arrives  at  a  deposition  rate  of  approximately 
420  Angstroms/min  onto  each  fiber  within  a  tow  containing  perhaps  1000 
fibers.  There  is  also  indication  of  a  reaction  zone  at  the  fiber/coating 
interface  on  the  order  of  0.5  microns  in  thickness.  This  indicates  that 
in  spite  of  the  increased  plasma  containment  produced  by  the  refinements 
made  in  the  cathode,  substrates  still  see  excessive  plasma  bombardment, 
resulting  in  substrate  heating.  Given  a  coating  thickness  of 


approximately  1  micron,  as  shown  in  the  SEM  photograph,  one  arrives  at  a 
deposition  rate  of  approximately  360  Angstroms/min  onto  each  fiber 
within  a  tow  containing  perhaps  1000  fibers. 

EfliS-IIi _ filasaaalaa 

The  results  obtained  above  indicate  that  a  number  of  successes  in 
sputtering  have  been  achieved.  Relatively  pure  films  of  titanium  can  be 
deposited  on  carbon  at  deposition  rates  from  1700  Ang./min.  to  as  high 
as  7500  Ang./min.  These  rate  agree  roughly  with  those  given  by 
Thornton^  for  a  generalized  metal.  Relatively  pure  films  of  TiNx  can 

also  be  produced,  but  the  stoichiometries  of  these  films  have  thus  far 
been  seriously  nitrogen  deficient.  Depositon  rates,  though,  have  been 
relatively  high,  approximately  240  Ang./min.  This  value  agrees  closely 
with  that  of  Ihsaan  and  Pourrezael, H  who  reported  a  deposition  rate  of 
260  Ang./min. 

The  results  obtained  above,  however,  also  indicate  a  number  of 
problems  that  must  be  overcome  in  order  to  produce  pure  stoichiometric 
TiN  (or  any  other  reactively  sputtered  compound)  films  at  high 
deposition  rates.  These  problems  stem  from  four  factors  that  can  be 
corrected  to  some  degree.  These  are  (1)  residual  gas  incorporation  into 
the  deposited  film,  (2)  nitriding  of  the  target,  (3)  a  magnetic  field 
that  fails  to  contain  the  sputtering  plasma  completely,  and  (4)  the  low 
wattage  of  the  power  supply. 

1.  Residual  Gas 

In  the  Initial  sputtering  experiment,  when  Ti  was  deposited  onto 
copper  in  a  static  argon  atmosphere,  there  was  a  great  deal  of  carbon 


and  oxygen  contamination  within  the  deposited  film.  Although  a  second 
deposition  using  an  argon  flow  reduced  the  amount  of  contamination,  a 
small  concentration  of  residual  gases  was  still  incorporated  into  the 
film.  Increasing  the  argon  flow,  then,  should  reduce  the  amount  of 
contamination  further.  Coupling  an  argon  flow  increase  with  an 
increased  nitrogen  flow  in  a  reactive  sputter  deposition  would  have  the 

double  effect  of  not  only  producing  purer  films ,  but  also  of  making  the 
control  of  TiNx  film  stoichiometry  more  precise. 12-15  jn  these 

experiments  we  have  attempted  to  keep  pumping  speeds  as  high  as  possible 
in  order  to  bring  about  both  of  these  effects  during  TiNx  deposition. 

The  high  pumping  speeds  (those  near  the  full  pumping  capacity  of  the 
turbomolecular  pump)  seem  to  have  been  effective.  Tili*  film 

stoichiometries  were  constant  throughout  their  entire  thicknesses,  as  is 
shown  in  the  AES  depth  profile  in  Figure  8.  These  profiles  also  indicate 
a  very  low  level  of  film  contamination. 
jL.  Nitriding  of  the  target 

The  observed  nitriding  of  the  target  during  TiNx  deposition  is 

probably  the  main  reason  for  the  observed  low  deposition  rate.  Although 
the  rate  reported  above  is  consistent  with  the  observations  of  other 
researchers,  it  should  be  possible  to  increase  the  sputtering  rate  by 

sputtering  without  a  poisoned  target.  Nitriding  would  normally  be 
avoided  by  decreasing  the  partial  pressure  of  N2,  but  this  would  create 

films  that  are  even  further  from  the  desired  stoichiometry.  Here  the 
cause  of  target  nitrldation  might  be  the  excessive  temperatures  attained 
at  the  target,  as  indicated  by  the  grain  growth  features  noted  on  the 
titanium  target  sheet.  The  high  temperature  is  probably  caused  by  poor 
thermal  contact  between  the  titanium  sheet  and  the  water  cooled  copper 


body  of  the  cathode.  Although  version  II  of  the  cathode  seemed  co 
reduce  this  heating  effect,  it  was  not  entirely  eliminated,  as  some 
grain  growth  (though  to  a  lesser  degree)  was  observed  on  the  cathode 
titanium  sheet.  A  more  effective  method  of  attaching  the  titanium  to 
the  copper  body  of  the  cathode  should  be  employed  if  further  TIN 
depositions  are  to  be  attempted. 

1*.  Magnetic  Field 

The  fact  that  the  magnetic  field  was  insufficient  to  confine  the 
plasma  discharge  effectively  is  indicated  by  two  observations  in  version 
I  of  the  cathode.  The  first  of  these  is  the  fact  that  carbon  substrates 
were  noted  to  be  glowing  red  when  removed  from  the  cathode.  This  is  an 
expected  result  if  a  plasma  bombards  the  carbon  rod  with  an  Intense  flux 
of  ions.  We  can  conclude  that  the  electrons  that  generate  the  plasma 
were  not  being  confined  to  the  region  just  inside  the  walls  of  the 
cathode,  but  rather  was  allowed  to  permeate  throughout  the  entire 
cathode  cavity.  The  bombardment  of  the  substrate  by  high  energy  argon 
ions  and  electrons  was  then  responsible  for  the  substrate  heating.  An 
inadequate  magnetic  field  is  also  partially  responsible  for  inhibiting 
the  deposition  rate.  The  lack  of  plasma  confinement  results  in  fewer 
titanium  atoms  being  sputtered  from  the  cathode  surface  and  depositing 
on  the  substrate. 

A  second  observation  that  indicates  that  the  magnetic  field  did  not 
effectively  contain  the  plasma  was  the  existence  of  plasma  outside  of 
the  cathode.  This  observation  is  indicative  of  a  sputtering  condition 
where  electrons  are  allowed  to  reach  the  centerline  region  of  the 
cathode.  Instead  of  colliding  with  the  anode,  the  electrons  pass  out 
through  the  center  hole  of  the  anode  and  excite  a  plasma  in  the  region 


outside  the  cathode  cavity.  The  shape  of  the  plasma  existing  outside 
the  cathode,  a  jet  extending  outside  each  anode  hole  for  several  inches, 
is  consistent  with  this  hypotheses. 

Although  the  magnetic  field  intensity  was  measured  outside  the 
vacuum  system  to  be  100  Gauss  within  the  solenoid  coil,  this  measurement 
had  to  be  made  without  the  cathode  inserted.  Originally  it  was  not 
known  to  what  degree  the  copper,  stainless  steel  and  machinable  ceramic 
shielded  the  cathode  cavity  from  the  magnetic  field.  Since  these 
materials  are  not  ferromagnetic,  they  should  reduced  the  field  intensity 
within  the  cathode  to  a  great  extent.  Doubling  the  field  strength 
seemfd  to  confine  the  plasma  more  effectively  within  the  cathode  and  did 
increase  the  deposition  rate  substantially,  but  some  plasma  still 
escaped. 

In  version  II  of  the  sputter  cell,  the  magnetic  field  was  confined 
to  the  cathode  cavity  much  more  effectively.  The  solid  magnets  and  other 
modifications  effectively  contained  all  the  plasma  within  the  cathode 
with  no  visible  plasma  escaping.  This  did  not,  however,  greatly  effect 
deposition  rates  and  did  seem  to  add  a  new  problem  ••  that  of  sputtering 
material  from  the  substrate  to  the  cathode  surface,  for  later 
incorporation  into  the  deposited  film.  It  can  be  deduced  from  these 
observations  that  the  problem  with  version  II  of  the  cathode  is  not  the 
strength  of  the  field,  but  the  shape.  The  two  magnets  that  formed  the 
magnetron  produce  field  lines  like  those  in  Figure  30a.  This  field 
configuration  would  tend  to  confine  the  plasma  within  the  cavity,  but 
not  necessarily  to  the  walls  of  the  cell.  The  effect  of  such  a  field 
shape  would  be  to  allow  heavy  bombardment  of  the  substrates  by 


electrons,  and  to  lower  the  deposition  rate,  two  effects  which  have  been 
observed. 


A  possible  solution  to  this  problem  was  described  at  the  very  end 
of  section  IV.  The  addition  of  a  backs trap  to  the  cathode,  as  described 
in  section  IV  should  redefine  the  magnetic  field  shape  as  that  shown  in 
Figure  30b.  The  backstrap  redirects  the  magnetic  flux  to  form  a  return 
path  for  the  field  through  a  feromagnetic  material,  effectively  linking 
together  the  fields  of  the  two  magnets  into  one.  It  is  unfortunate 
that  this  modification  could  not  be  properly  tested  before  writing  of 
this  thesis. 

4t-  Power  Supply 

The  D.C.  power  supply  used  in  these  experiments  was  inadequate. 
Higher  voltages  than  could  be  produced  with  this  supply  were  necessary 
in  order  to  sputter  at  lower  pressures.  Although  plasmas  could  be 
produced  in  the  200-600  mtorr  range,  these  pressures  are  generally  too 
high  to  sputter  efficiently.  Atoms  ejected  from  the  target  surface 
encounter  gas  atoms,  lose  energy,  and  are  deflected,  resulting  in  a 
decreased  deposition  rate.  Pressures  on  the  order  of  10  mtorr  or  less 
are  usually  the  most  efficient  for  depositing  material  quickly.64  It  is 
at  these  pressures  that  the  balance  between  the  number  of  atoms 
impinging  on  the  substrate  to  produce  sputtered  atoms  and  the  number  of 
gas  atoms  that  block  depostion  usually  results  in  the  most  efficient 
deposition  rate.  Because  of  the  low  voltages  associated  with  this  power 
supply,  plasmas  simply  could  not  be  ignited  below  tne  200  mtorr  range. 
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TIN  Standard 

Tl  Standard  (sheet)  7.4 
TIN  Sample  1 
TIN  Sample  2 

1.  Various  peak-to-peak  Auger 
ratio  N/Tl. 


4.6 
9.8 

13.6  6.7 

9.0  4.4 

intensities  used  to  calculate  the 
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Figure  1.  Pump  configuration  of  version  I  system. 
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Figure  2.  Original  cathode  configuration. 
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Figure  3.  Version  I  of  the  sputtering  system. 
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Figure  4.  Version  I  cathode  configuration. 
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Rgure  7a.  AES  of  Ti  on  carbon.  This  is  a  highly  pure  film. 
Carbon  and  oxygen  peaks  are  almost  non-existent. 


%  7a 


RELATIVE  SIGNAL  (dN/dE) 


RELATIVE  SIGNAL  (dN/dE) 


Figure  10.  D«pth  profil®  of  T»N  "ttandard". 
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Figure  13.  Augar  dapth  profile  of  Ti  on  carbon  rod.  Tha 
carbon  content  incraasad  with  dapth.  indicating  initial  carbon 
sputtering  from  substrata. 
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Carbon  Fibers  Spread  Due  to  Electrostatic  Repulsion 


Figure  14.  Carbon  fiber  spreading.  This  figure  shows  Che 
oriencacion  of  fibers  wichin  the  cathode  during  deposition.  The  portion 
of  the  fibers  between  the  tantalum  holding  wires  remained  bowed  after 
removal  from  the  sputtering  system. 


Figure  15  .  SEN  photo  of  the  croc*  section  of  e  Ti  coated  carbon 
fiber. 
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Figure  16.  Auger  of  Ti  deposited  onto  carbon  rod  holding 
carbon  fibers. 
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Chemical  Interactions  In  Diboride-Reinforced 

Oxide-Matrix  Composites 

Mrityunjay  Singh*  and  Heribert  Wiedemeier 

Department  of  Chemistry,  Rensselaer  Polytechnic  Institute,  Troy.  New  York  12180-3590 


Thermochemical  analyses  of  interfacial  reactions  in  tita¬ 
nium,  zirconium,  and  hafnium  diboride  reinforced  oxide- 
matrix  composites  have  been  carried  out  to  evaluate  the 
chemical  compatibility.  The  chemical  reactivity  of  these  di¬ 
borides  with  oxygen  and  the  high  volatility  of  B]Oj(J)  at  re¬ 
duced  oxygen  pressures  are  concerns  during  processing  and 
operating  conditions.  The  thermochemical  stability  and  the 
vaporization  behavior  of  B2Oj(/)  are  discussed  in  terms  of 
partial  pressures  of  dominant  gaseous  species  of  the  boron- 
oxygen  system  at  1700  and  2300  K.  The  TiBj/ZrOj  and 
TiBj/HfO]  systems  are  thermodynamically  stable  in  a  lim¬ 
ited  oxygen  pressure  range.  The  TiBj/AljOj  system  is  stable, 
but  the  reactions  in  this  system  may  apparently  be  accompa¬ 
nied  by  formation  of  gaseous  products  (B2Oj,  AK),  AIjO, 
and  lower  boron  oxides)  in  the  presence  of  elemental  oxygen. 
These  thermochemical  considerations  are  very  useful  in 
evaluating  the  effectiveness  of  oxides  as  diffusion  barrier 
coatings  on  diboride  reinforcements.  (Key  words:  matrix, 
reinforcement,  borides,  oxides,  composites.] 

I.  Introduction 

Ceramic  materials  are  emerging  as  a  new  generation  of 
high-temperature  materials  for  aerospace  and  other 
structural  applications.  This  use  of  ceramics  is  mainly  due  to 
a  combination  of  their  excellent  properties  such  as  hardness, 
stiffness,  corrosion  and  heat  resistance,  and  relatively  low 
density.  The  mechanical  properties,  i.e.,  fracture  toughness, 
creep  resistance,  and  thermal  shock  resistance,  of  these  ma¬ 
terials  are  further  improved  by  the  addition  of  certain  re¬ 
inforcements.  Diborides  (Ti,  Zr,  and  Hf)  have  a  great  potential 
for  high-temperature  applications  because  of  their  superior 
mechanical  properties  at  elevated  temperatures  and  their  high 
melting  points. 12  A  comparative  study  of  the  high-temperature 
compression  behavior  of  a  variety  of  materials  by  Ram  berg 
and  Williams2  indicated  that  titanium  diboride  is  potentially 
useful  for  elevated-temperature  applications.  However,  these 
diborides  are  very  susceptible  to  considerable  oxidation  at  ele¬ 
vated  temperatures.  They  oxidize  readily  to  form  B203,  which 
has  a  melting  point  of  723  K  and  vaporizes  rapidly  above 
1400  K.  Several  reports  in  the  literature3**  deal  with  the  oxi¬ 
dation  behavior  of  these  borides  in  the  temperature  range 
1100  to  2100  K.  In  order  for  these  compounds  to  be  used  as 
reinforcement  materials  at  high  temperatures,  the  matrix  and 
the  diborides  must  be  chemically  compatible  in  that  tempera¬ 
ture  range.  Among  the  criteria  for  the  selection  of  oxides  as 
matrix  materials  are  their  relatively  high  melting  points.  But 
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on  the  other  hand,  diffusion  of  oxygen  in  some  matrices  can 
lead  to  the  oxidation  of  the  diboride  reinforcements. 

The  chemical  compatibility  of  titanium  diboride  in  some 
oxide  matrices  was  investigated  by  Krylov,'*  Vedula  et  a/.,10 11 
and  Stadlbauer  et  al.xl  Weddell13  investigated  the  chemical 
compatibility  of  some  non-oxide/oxide  constituents  for  high- 
temperature  composites.  Typical  processing  and  operating 
temperatures  for  these  oxide  matrix  composites  are  in  the 
range  1100  to  2300  K. 

The  main  objectives  of  the  present  communication  are  the 
evaluation  of  the  environmental  stability  and  chemical  inter¬ 
actions  of  titanium,  zirconium,  and  hafnium  diborides  in  the 
oxide  matrices  Ti02,  Zr02,  HfOz,  and  A12Oj.  The  thermo¬ 
chemical  behavior  of  B2Oj  at  various  oxygen  partial  pressures 
and  at  high  temperatures  has  been  discussed.  These  considera¬ 
tions  are  very  useful  in  the  evaluation  of  chemical  stabilities 
of  diboride  constituents.  A  detailed  analysis  of  the  chemical 
stabilities  coupled  with  interfacial  reactions  is  required  for  the 
selection  of  thermodynamically  stable  and  chemically  com¬ 
patible  diboride/oxide  combinations  for  high-temperature 
composites. 

II.  Thermochemical  Considerations 

Detailed  knowledge  of  the  thermodynamics  and  kinetics  of 
composite  systems  is  necessary  to  determine  quantitatively 
the  chemical  reactivity  between  various  constituents,  their 
interface  composition,  and  properties.  The  thermochemistry 
of  the  chemical  reactions  which  yield  desired  interfaces  and 
of  those  which  may  impede  or  prevent  certain  reactions  must 
be  known.  Thermochemical  modeling  in  general  is  very  use¬ 
ful  in  determining  the  direction  and  extent  of  potential  reac¬ 
tions,  the  actual  occurrence  of  which  is  also  governed  by 
kinetic  considerations.  In  addition,  these  data  are  also  valu¬ 
able  in  estimating  the  lifetime  of  the  composites  under  differ¬ 
ent  environmental  conditions. 

For  the  present  calculations,  thermochemical  data  from 
JANAF,14  Barin  and  Knacke,15  and  of  Shick  “  have  been  used. 
Gibbs  free  energy  changes  (AG°)  and  equilibrium  constants 
(K)  are  calculated  for  reactions  over  a  temperature  range  1100 
to  2300  K. 

III.  Results  and  Discussion 
(1)  Chemical  Interactions 

The  chemical  reactivity  of  titanium,  zirconium,  and 
hafnium  diborides  with  elemental  oxygen  has  been  evaluated 
here.  Oxidation  studies  of  these  borides3**  indicate  that  the 
following  predominant  reactions  occur  in  these  systems; 

TiB2(s)  +  fO:(g)  =  Ti02(s,/)  +  B20,(/)  (1) 

ZrB2(s)  +  |Oj(g)  -  Zr02(s)  +  B20 ,(/)  (2) 

HfB2(r)  +  f02(g)  =  Hf02(s)  +  B20>(/)  (3) 

A  plot  of  the  equilibrium  oxygen  partial  pressures  (P0l)  vs 
reciprocal  temperature  for  these  reactions  is  given  in  Fig.  1. 
The  oxygen  partial  pressure  values  for  reactions  (2)  and  (3) 
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Fig.  1.  Equilibrium  oxygen  pressures  for  the  oxidation  of  TiBj, 
ZrB2,  and  HfB2  as  a  function  of  temperature  according  to  equi¬ 
libria  (1)  to  (3).  The  dotted  line  represents  equilibrium  oxygen  par¬ 
tial  pressures  for  the  B-O-BjOj(Z)  system. 

are  numerically  slightly  different.  Based  on  the  magnitude  of 
the  equilibrium  oxygen  partial  pressures,  the  oxidation  of 
these  diborides  is  thermodynamically  practically  complete  at 
the  temperatures  (1100  to  2300  K)  considered  here.  However, 
owing  to  kinetic  reasons  only  small  amounts  of  products  may 
form  as  a  pure  phase  or  in  solid  solution  with  the  diborides 
for  oxygen  pressures  at  or  above  the  equilibrium  values.  At 
lower  than  equilibrium  pressures,  these  diborides  are  stable. 

In  spite  of  their  reactivity  with  elemental  oxygen,  some  of 
these  diborides  are  being  used  as  reinforcements  for  high- 
temperature  composites.  The  chemical  interactions  of  the 
TiB2/Zr02,  TiBj/HfOj,  and  ZrB2/Hf02  systems  in  the  tem¬ 
perature  range  1100  to  2300  K  are  therefore  of  practical  inter¬ 
est.  Information  about  the  chemical  compatibility  of  the 
above  systems  is  contained  in  Fig.  1,  which  is  based  on  reac¬ 
tions  (1)  to  (3).  The  results  of  Fig.  1  show  that  the  TiB2/Zr02, 
TiB2/Hf02,  and  ZrB2/Hf02  systems  are  thermodynamically 
stable  only  at  very  low  oxygen  partial  pressures.  Under  actual 
processing  and  operating  conditions  such  low  partial  pres¬ 
sures  are  not  attainable.  Thus,  thermodynamically  the  above 
diborides  are  not  stable  and  will  oxidize  at  elevated  tempera¬ 
tures.  However,  the  oxidation  of  these  systems  is  strongly  af¬ 
fected  by  kinetic  limitations  of  the  oxidation  processes.  The 
oxide  layer  formed  on  the  surface  of  diborides  prevents  or 
reduces  the  further  oxidation  of  these  materials.  These  ki¬ 
netic  limitations  are  the  basis  for  the  observed  stability  of 
these  systems. 

The  chemical  compatibility  of  the  TiB2/Al2Oj  system  is 
also  limited  by  the  stability  of  the  boride  constituent  accord¬ 
ing  to  Fig.  1.  The  experimental  investigations  by  Krylov,9 
Vedula  el  al.,mi  and  Stadlbauer  et  al.a  showed  no  observable 
interactions  for  the  TiB2/Al203  system  at  higher  tempera¬ 
tures.  As  shown  above  in  this  work  for  the  metal  borides  and 
earlier  for  alumina,17  in  the  presence  of  elemental  oxygen  and 
at  elevated  temperatures  the  TiB2/Al20)  system  may  interact 
to  form  gaseous  products  such  as  B2Os,  AlO,  A120,  and  other 
lower  boron  oxides.  Under  these  conditions,  B20}(/)  may 
react  with  alumina  according  to  the  reactions 

9A12Oj(j)  +  2B2Oj (/)  *  9A12Oj  2B20,(s)  (4) 

2AI2Oj(s)  +  BiOsd)  -  2A12Oj  •  B20,(r)  (5) 

at  higher  temperatures.  These  reactions  are  thermodynami¬ 
cally  quite  favorable. 

It  has  been  observed  experimentally  that  at  lower  tempera¬ 
tures  (1200  to  1400  K)  the  oxide  scale  consists  of  an  inner 
layer  of  oxides  (Ti02,  Zr02,  and  Hf02)  with  an  outer  glassy 


layer  of  B203(/).  Because  of  the  small  atomic  radius  of  boron, 
its  diffusion  to  the  surface  of  the  oxidizing  specimen  is  more 
extensive  than  the  diffusion  of  the  metal  atom.  This  is  ac¬ 
companied  by  a  simultaneous  improvement  of  the  protective 
properties  of  the  scale,  and  metal  borates  can  form  in  sub¬ 
sequent  stages  of  the  oxidation  at  higher  temperatures.  Two 
processes  which  occur  at  the  reaction  interface  are  the  forma¬ 
tion  of  condensed  metal  oxides  and  the  vaporization  of  boron 
as  B203(g).  The  initial  reaction  product  B-Oj(/)  diffuses 
through  the  oxide  layer  to  the  outer  surface  and  vaporizes.6 
This  is  schematically  shown  in  Fig.  2.  At  temperatures  above 
1400  K,  the  high  volatility  of  B203  causes  the  B203  layer  to 
disappear.  The  formation  of  B203,  under  processing  and  op¬ 
erating  conditions  of  the  diboride-reinforced  oxide-matrix 
composites,  makes  the  control  of  the  stoichiometry  of  the  sys¬ 
tem  difficult.  At  typical  processing  and  operating  tempera¬ 
tures  (1100  to  2300  K),  boron  losses  can  occur  either  by 
evaporation18  or  by  formation  of  gaseous  boron  suboxides  and 
of  other  boron-containing  gaseous  species.19  Therefore, 
knowledge  of  the  vaporization  behavior  of  B20}  at  different 
temperatures  and  under  different  environmental  conditions  is 
required  in  order  to  reduce  the  loss  of  boron.  Because  a  large 
number  of  gaseous  species  may  exist  in  the  boron-oxygen  sys¬ 
tem,  it  is  necessary  to  determine  the  predominant  boron 
oxide  species  at  the  temperature  of  interest.  The  computation 
of  the  equilibrium  vapor  pressures  of  gaseous  species  over 
B2Oj(()  at  1700  and  2300  K  as  a  function  of  oxygen  partial 
pressures  is  based  on  the  following  equilibria: 


B20,(/)  =  B20,(g) 

(6) 

B20,(/)  +  j02(g)  =  2B02(g) 

(7) 

B20,(/)  =  B202(g)  +  i02(g) 

(8) 

B20,(/)  =  B20(g)  +  02(g) 

(9) 

B2Oj(/)  =  2BO(g)  + 

(10) 

B2Os(/)  *  2B (g)  +  |02(g) 

(11) 

A  similar  set  of  reactions  can  be  written  for  the  gaseous 
species  in  equilibrium  with  B(s).  From  the  partial  pressure 
diagram  of  the  B-O  system  at  1700  K  (Fig.  3)  it  is  apparent 
that  at  oxygen  pressures  of  about  10“ 10  atm  or  higher  (1  atm  = 
10s  Pa),  B2C>3  and  B02  are  the  predominant  vapor  species. 
However,  at  oxygen  pressures  lower  than  about  10'“  atm, 
B202  and  BO  are  also  important.  A  similar  trend  in  the  par¬ 
tial  pressures  of  vapor  species  is  observed  at  oxygen  pressures 
above  and  below  about  10"’  atm  at  2300  K  shown  in  Fig.  4. 
The  actual  relative  amounts  of  B203(g),  BO 2(g),  and  other 
species  produced  during  oxidation  may  also  depend  on  ki¬ 
netic  factors  and  have  to  be  determined  experimentally.  The 
change  in  the  partial  pressures  of  the  gaseous  species  (Figs.  3 
and  4)  is  obvious  from  the  fixed  equilibrium  constants  of  re¬ 
actions  (6)  to  (11)  at  1700  and  2300  K,  respectively,  and  from 
the  change  of  the  oxygen  partial  pressure.  The  equilibrium 
oxygen  pressures  for  the  oxidation  of  borides,  based  on  reac¬ 
tions  (1)  to  (3),  are  I  to  2  orders  of  magnitude  higher  (Fig.  1) 
than  the  oxygen  pressures  at  the  invariant  points  of  Figs.  3 
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Fig.  2.  Schematic  representation  of  the  oxidation  of  metal  (Ti.  Zr. 
and  Hf)  diborides. 
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Fig.  3.  Equilibrium  vapor  pressures  (log  P)  of  different  species  of 
the  boron-oxygen  system  as  a  function  of  oxygen  partial  pressures 
at  1700  K. 


and  4.  Over  a  wide  range  of  oxygen  pressures,  the  dominating 
vapor  species  (Figs.  3  and  4)  at  both  temperatures  is  BiOj(g). 
The  relatively  high  vapor  pressures  of  boron  oxides  at  these 
temperatures,  even  at  very  low  oxygen  pressures,  may  lead  to 
a  considerable  loss  of  material. 

Assuming  congruent  vaporization  according  to  the  domi¬ 
nant  reaction  (6)  and  based  on  the  Hertz-Knudsen  equation,20 
maximum  vaporization  rates  of  B203(/)  were  computed  in  the 
temperature  range  1000  to  2000  K.  The  corresponding  mass 
loss  rates  of  B2Oj  as  a  function  of  temperature  are  given  in 
the  form  of  a  linear  equation 

log  rate  »  9.48  -  1.958  x  10*/T  (12) 

where  the  mass  loss  rate  is  in  g  cm'2  s"‘  and  T  is  in  kelvins. 
Under  present  conditions  and  at  higher  temperatures,  the  pre¬ 
dicted  mass  losses  of  B20]  are  significant  and  would  lead  to 
the  depletion  of  the  boride  phase. 

(2)  Reactions  of  Oxides  with  Carbon 

It  is  well-known  that  metal  oxides  react  with  carbon  to  form 
metal  carbides  at  elevated  temperatures.21,22  Under  processing 
conditions  carbon  from  the  heating  elements  of  the  furnace 
or  from  the  graphite  dies  may  react  with  these  materials  with 


Fig.  4.  Equilibrium  vapor  pressures  (log  P )  of  different  species  of 
the  boron-oxygen  system  as  a  function  of  oxygen  partial  pressures 
at  2300  K. 


formation  of  carbides.  This  process  may  involve  a  combina¬ 
tion  of  solid-gas  phase  reactions  as  discussed  in  the  litera¬ 
ture.23  Based  on  reaction  (13),  the  equilibrium  partial 
pressures  of  oxygen  may  be  very  low.  An  upper  value  can  be 
estimated  by  assuming  an  upper  limit  of  10' 3  atm  for  the  par¬ 
tial  pressure  of  carbon  monoxide.  Based  on  this  assumption, 
the  equilibrium  oxygen  partial  pressures  are  computed  to  be 
about  10'22  atm  at  1700  K  and  about  7.6  x  10' 21  atm  at 
2300  K.  For  Ti02,  Zr02,  Hf02,  and  A1203  the  interactions 
with  carbon  are  given  by  the  equilibria  (14)  to  (17). 


C(s)  +  j02(g)  =  CO(g)  (13) 

Ti02(s)  +  3C(i)  =  TiC(s)  +  2CO(g)  (14) 

Zr02(s)  +  3C(s)  =  ZrC  (s)  +  2CO (g)  (15) 

Hf02(r)  +  3C(r)  =  HfC(s)  +  2CO(g)  (16) 

AI2Oj(j)  +  -2C(s)  =  iAUCi(s)  +  3  CO(g)  (17) 


A  plot  of  the  equilibrium  partial  pressures  of  carbon  monox¬ 
ide  (PCo)  versus  reciprocal  temperature  for  the  above  reac¬ 
tions  is  given  in  Fig.  5.  It  is  evident  from  Fig.  5  that  the  CO 
partial  pressures  due  to  reactions  (14)  to  (17)  are  quite  high  at 
temperatures  between  1500  and  2000  K.  This  temperature 
range  is  generally  used  for  the  processing  of  these  composites. 

The  calculations  for  the  chemical  interactions  of  carbon 
with  alumina,  titania,  zirconia,  and  hafnia  show  that  carbon 
monoxide  overpressures  may  be  required  to  reduce  the  extent 
of  these  reactions  at  higher  temperatures.  The  formation  of 
various  oxycarbides,  e.g.,  Al2OC,  A1404C,  TiO.C,,  ZrO,C„ 
and  others,  has  also  been  reported  in  the  literature.  Thermo¬ 
dynamic  data  for  these  compounds  are  not  readily  available, 
but  these  phases,  if  present,  will  straddle  the  Me0,-C-02- 
MeC,  equilibria.  These  compounds  have  not  been  considered 
in  the  present  analysis.  Of  all  the  oxides  considered  here,  the 
reaction  of  Ti02  with  carbon  is  thermodynamically  most 
favorable  at  all  temperatures  (Fig.  5).  Alumina  is  the  most 
stable  of  these  oxides  with  respect  to  interaction  with  carbon 
according  to  reaction  (17). 

IV.  Conclusions 

Thermochemical  computations  of  chemical  interactions  of 
titanium,  zirconium,  and  hafnium  diborides  with  elemental 
oxygen  indicate  that  the  formation  and  subsequent  vaporiza¬ 
tion  of  B2Oj  considerably  affect  the  stability  of  these  materials 
at  temperatures  above  1100  K.  The  very  low  oxygen  partial 
pressures  required  to  prevent  the  oxidation  of  these  diborides 
are  practically  unattainable.  However,  owing  to  kinetic  limi- 


Fig.  5.  Equilibrium  vapor  pressures  of  CO  for  the  reaction  of  car¬ 
bon  with  Ti02,  ZrOj,  Hf02,  and  AI2Oj  as  a  function  of  tempera¬ 
ture  (equilibria  (14)  to  (17)). 
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tations,  the  oxide  layers  formed  on  the  surface  of  these  ma¬ 
terials  prevent  or  reduce  further  oxidation.  The  TiB2/Zr02, 
TiB2/Hf02,  ZrB2/Hf02,  and  TiB2/Al203  systems  are  stable 
at  very  low  oxygen  partial  pressures.  Another  concern  in  the 
processing  of  these  composites  is  the  reaction  of  the  oxides 
with  carbon.  The  partial  pressures  of  carbon  monoxide  for 
the  reaction  of  Ti02  and  carbon  are  higher  than  those  of  the 
corresponding  reactions  of  carbon  with  Zr02,  Hf02,  and 
A12Oj. 
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Thermochemical  modelling  of  interfacial 
reactions  in  molybdenum  disilicide 
matrix  composites 
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The  thermal  and  environmental  stabilities  of  molybdenum  disilicide  have  been  evaluated  using 
thermochemical  modelling.  The  chemical  reactivity  of  molybdenum  disilicide  with  oxygen 
indicates  that  various  molybdenum  compounds  and  silica  are  formed,  depending  on  oxygen  pres¬ 
sures.  The  structure  and  properties  of  the  silica  films  play  an  important  role  in  the  oxidation 
reaction  and  the  reactions  of  water  vapour  (moisture)  with  molybdenum  disilicide  at  high 
temperatures.  The  thermodynamic  stabilities  of  various  potential  reinforcements,  e.g.  carbon, 
silicon  carbide,  silicon  nitride,  alumina,  and  some  refractory  compounds  (borides,  carbides, 
and  oxides  of  titanium,  zirconium  and  hafnium)  in  molybdenum  disilicide  matrix  have  been 
evaluated.  Based  on  the  results  of  thermochemical  computations.  SiC.  Si3N4.  TiC.  ZrC,  HfC. 
TiB.  TiB2,  ZrB2,  HfB2,  Zr02  and  Hf02  were  found  to  be  stable,  but  carbon  and  Ti02  were 
found  to  be  unstable  in  MoSi2.  The  AI203/MoSi2  system  was  found  to  be  stable  below 
1 800  K.  At  temperatures  above  1 800  K,  significant  mass  losses  could  occur  due  to  the  high 
vapour  pressures  of  gaseous  species  (Al20.  SiO).  These  thermodynamic  predictions  are  in 
agreement  with  available  experimental  data. 


1.  Introduction 

Intermetallic  compounds  based  on  silicides  have  inter¬ 
esting  properties  at  elevated  temperatures.  Among 
these  silicides.  molybdenum  disilicide  is  quite  attract¬ 
ive  owing  to  its  high  melting  point  (2283  K),  low 
density,  and  good  oxidation  resistance.  Berkowitz- 
Mattuk  et  al.  (1-3]  and  Chang  [4]  have  investigated 
the  oxidation  behaviour  of  molybdenum  disilicide.  At 
lower  temperatures  this  materia!  exhibits  oxidative 
degradation  called  the  “pest  degradation".  This  phe¬ 
nomenon  is  affected  by  porosity  and  does  not  occur 
for  dense  materials.  At  higher  temperatures,  a  self- 
healing  protective  silica  layer  is  formed.  This  film 
yields  usable  lifetimes  in  excess  of  2000  h  at  1923  K. 
The  stability  of  the  protective  layer  also  depends  on 
the  volatilization  of  the  simultaneously  formed  molyb¬ 
denum  trioxide.  It  has  been  observed  that  the  oxida¬ 
tion  without  the  molybdenum  trioxide  volatilization 
causes  fast  intergranular  oxidation  with  severe  mater¬ 
ial  damage.  The  extreme  brittleness  of  molyb¬ 
denum  disilicide  at  room  temperature  has  prevented  its 
use  as  an  elevated  temperature  structural  material. 
Schlichting  [5]  reviewed  the  available  data  on  the 
molybdenum  silicides  and  reported  some  of  the  prob¬ 
lems  and  their  prospects  for  use  as  high-temperature 
structural  materials.  Umakoshi  et  al.  [6]  reported  that 
in  MoSij  single  crystals,  a  brittle  to  ductile  transition 
occurs  around  1273  K. 

ft  has  been  pointed  out  by  various  authors  [7-12] 
that  molybdenum  disilicide  matrix  composites,  re¬ 
inforced  with  fibres  or  whiskers,  have  great  potential 


for  high-temperature  and  aerospace  applications.  In 
addition,  toughening  and  strengthening  of  molyb¬ 
denum  disilicide  have  been  achieved  by  silicon  car¬ 
bide.  alumina,  zirconia  and  titanium  carbide  reinfor¬ 
cements.  Molybdenum  disilicide  matnx  can  also  be 
alloyed  with  other  refractory  silicides  to  improve 
mechanical  properties  and  oxidation  resistance.  But 
interfacial  reactions  between  different  constituents 
occurring  under  processing  and/or  operating  condi¬ 
tions  are  of  major  concern  in  these  composites. 

In  the  present  work,  thermodynamic  stabilities  of 
some  ceramic  reinforcements,  e.g.  refractory  metal 
(titanium,  zirconium  and  hafnium)  borides,  carbides, 
and  oxides,  carbon,  silicon  carbide,  silicon  nitride,  and 
alumina  in  molybdenum  disilicide  (MoSi2)  matnx 
have  been  evaluated.  The  environmental  stability  of 
molybdenum  disilicide  under  different  processing  and 
application  conditions  is  discussed.  A  detailed  analysis 
of  the  chemical  stabilities  and  interfacial 
reactions  is  required  for  the  selection  of  thermo- 
dynamicalh  -.'able  and  chemically  compatible 
reinforceme'-  m  rnx  combinations. 


2.  Alloying  and  reinforcamant 
materials 

Suitable  reinforcements  for  molybdenum  disilicide  are 
required  to  improve  its  low-temperature  toughness 
and  high-temperature  strength  and  creep  resistance. 
In  addition,  some  alloying  elcments/compounds  are 
also  desirable  to  improve  the  mechanical  properties 
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TABLE  I  Relevant  physicochemical  properties  of  some  refractory  silicides 


Material 

Melting  point 

IK) 

Density 

(gcm'J) 

CTE* 

(10*  C-'l 

Crystal  structure 

MoSij 

2303 

624 

8.25 

Tetragonal 

WSlj 

2433 

986 

790 

Tetragonal 

NbSi; 

2203 

5.66 

11.7 

Hexagonal 

TaSi, 

2473 

9  1 

8.9 

Hexagonal 

Mo.Sij 

2450 

8.24 

6.7 

Tetragonal 

W.Sij 

2643 

14.5 

— 

Tetragonal 

Nb,S., 

2753 

7  16 

7.3  {along  nl 

4  6  lalong  cl 

Tetragonal 

Ta,Sij 

2773 

13.4 

6.3  lalong  at 

6.6  {along  cl 

Tetragonal 

Ti.Si, 

2403 

4.32 

11.0 

Hexagonal 

‘Coefficient  of  thermal  expansion. 


TABLE  II  Relevant  physiochemical  properties  of  some  potential 
ceramic  reinforcement 


Matenal 

Melting 
point  (K) 

Density 
(g  cm"J) 

Crystal 

structure 

C 

3925 

2.25 

Cubic 

SiC 

3100 

3.21 

Hexagonal 

Si,N. 

2173 

3.19 

Cubic 

AljOj 

2318 

3.97 

Cubic 

TiC 

3413 

4.9 

Cubic 

ZrC 

3693 

6.7 

Cubic 

HfC 

4173 

12.6 

Cubic 

TiB 

2453 

5.09 

Orthorhombic 

TiBj 

3253 

4.5 

Hexagonal 

ZrBj 

3373 

6.1 

Hexagonal 

HfBj 

3523 

10.5 

Hexagonal 

TiOj 

2109 

4.17 

Tetragonal 

ZrOj 

2973 

6.0 

Cubic 

HfOj 

3031 

10.0 

Cubic 

and  oxidation  resistance.  Some  relevant  physicochem¬ 
ical  properties  of  selected  refractory  silicides,  which 
may  be  useful  for  the  alloying  of  molybdenum  di- 
silicide  matrix,  are  given  in  Table  I.  Some  of  these 
silicides  (Table  I)  also  have  great  potential  as  high- 
temperature  matrices.  The  corresponding  properties 
of  potential  ceramic  reinforcements  are  given  in 
Table  II. 


3.  Thermochemical  considerations 

A  critical  aspect  in  the  thermochemical  modelling  is 
the  identification  of  possible  product  compounds  and 
the  reliability  of  available  thermodynamic  data.  Ow¬ 
ing  to  the  lack  of  thermodynamic  data  for  ternary  and 
higher  order  phases  of  these  materials,  only  binary 
compounds  are  considered  here.  Thermodynamic 
data  for  binary  compounds  have  been  taken  from 
Barin  and  Knacke  [12]  and  JANAF  [13]  tables.  The 
temperature  range  considered  for  the  environmental 
stability  is  1000-1900  K.  and  for  the  chemical  compati¬ 
bility  computations  is  1300-1900  K. 


4.  Results  and  discussion 

4.1 .  Thermal  and  environmental  stability 

The  thermal  decomposition  of  molybdenum  disilicide 

has  been  investigated  by  Blair  et  al.  [14].  The  de¬ 


composition  and  vaporization  under  vacuum  condi¬ 
tions  at  high  temperatures  (1 800-2500  K.)  proceeds 
with  formation  of  the  following  intermediate  phases: 
MoSi2  -v  MOjSij  -»  Mo3Si  -*  Mo.  The  equilibrium 
vaponzation  reaction  is  given  by 

MoSi2(s)  =  Mo(s)  +  2Si(g)  (1) 

The  partial  pressures  of  silicon  for  Reaction  1  at  1900 
and  2100  K.  are  0.33  x  10~6  and  0.69  x  l0'5atm. 
respectively.  These  data  indicate  that  at  temperatures 
around  2100  K  and  under  vacuum  conditions,  mass 
losses  of  molybdenum  disilicide  can  occur  as  a  result 
of  Reaction  I. 

In  addition,  molybdenum  disilicide  reacts  with 
oxygen  and  moisture.  The  oxidation  processes  of  this 
material  may  proceed  by  three  different  mechanisms, 
namely,  selective  oxidation  of  the  metal  component, 
selective  oxidation  of  silicon,  and  total  oxidation.  The 
chemical  reactions  of  molybdenum  disilicide  with  oxy¬ 
gen  leading  to  silicon  monoxide  and  other  compounds 
(Reactions  4-8),  the  so-called  “active”  oxidation,  con¬ 


sidered  are  as  follows: 

MoSij(s)  +  02(g)  =  Mo02(s)  +  2Si(s)  (2) 

MoSi2(s)  +  3/202(g)  =  MoOj(l.g)  +  2Si(s)  (3) 
MoSij(s)  +  02(g)  =  Mo(s)  +  2SiO(g)  |4) 

MoSi2(s)  +  5/602(g)  =  l/3MojSi(s) 

+  5/3SiO(g)  (5) 

MoSi2(s)  +  7/10O2(g)  =  l/5Mo,Sij(s) 

+  7/5  SiCXs)  (6) 

MoSi2(s)  +  5/202(g)  =  MoOj(l,g)  +  2SiO(g)  (7) 
MoSi2(s)  +  202(g)  =  Mo02(s)  +  2SiO(g)  (8) 


A  plot  of  the  silicon  monoxide  partial  pressures.  PSi0, 
versus  temperature  is  given  in  Fig.  1.  From  Fig.  1  it  is 
seen  that  the  silicon  monoxide  pressures  of  Reactions 
7  and  8  leading  to  the  formation  of  metal  oxides  are 
many  orders  of  magnitude  higher  than  those  of  the 
other  reactions  where  selective  oxidation  of  silicon 
takes  place  (Reactions  4-6).  The  formation  of  the 
molybdenum  oxides  shifts  the  equilibrium  of  Reac¬ 
tions  7  and  8  more  towards  the  products.  In  all  cases, 
an  oxygen  partial  pressure  of  0.2  atm  has  been  used  in 
these  computations. 
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Figure  /  Partial  pressures  of  silicon  monoxide  due  to  Reactions 
4-8|P0l  =  0.2  atm  I  as  a  function  of  temperature. 


Other  oxidation  reactions,  the  so-called  “passive” 
oxidation,  in  which  silica  and  different  molybdenum 


compounds  are  formed,  are  the  following: 

MoSi2(s)  +  202(g)  =  Mo(s)  +  2  SiOa(s)  (9) 

MoSij(s)  +  5/3  02(g)  =  l/3MojSi(s) 

-i-  5/3SiOj(s)  (10) 

MoSi2(s)  +  7/5  02(g)  =  l/5MojSij(s) 

+  7/5SiOj(s)  (11) 

MoSi2(s)  +  7/2  02(g)  =  Mo03(l,g)  +  2SiOj(s)  (12) 

MoSij(s)  +  302(g)  =  MoOj(s)  +  2Si02(s)  (13) 


The  equilibrium  oxygen  pressures  for  the  oxidation  of 
MoSij  to  various  molybdenum-containing  com¬ 
pounds  and  Si02  are  given  in  Fig.  2.  At  a  given 
temperature,  the  dominant  reaction  is  determined  by 
the  oxygen  partial  pressure.  Experimental  observa¬ 
tions  by  various  authors  [1-5]  indicate  that  the 
growth  of  silica  layers  in  MoSi2  is  determined  by  the 
rate  of  diffusion  of  silicon  from  the  reaction  interface 
through  the  lower  silicide,  and  by  the  diffusion  of  the 
reacting  species  through  the  oxide  layers  where  the 
formation  of  new  layers  of  Si02  occurs.  The  state  of 
the  Si02  layer  is  decisive  for  the  progress  of  these 
reactions.  The  results  in  Fig.  2  are  consistent  with  the 
above  observations. 


Figure  2  Equilibrium  partial  pressures  of  oxygen  for  Reactions 
9  -  1 3  as  a  function  of  temperature. 


The  chemical  stability  and  the  -  xidation  behaviour 
of  molybdenum  disilicide  in  water  vapour  has  been 
investigated  by  Nechiporenko  ei  al.  [15]  in  the  tem¬ 
perature  range  1273-1873  K.  According  to  these 
authors  the  rate  of  oxidation  follows  a  parabolic  law 
and  silica  is  the  reaction  product.  The  following 
reactions  are  considered: 

MoSi2(s)  +  5H:(Xg)  =  MoO30.g)  +  2  SiCXg) 

+  5  H2(g)  (14) 

MoSi2(s)  +  7  5H20(g)  =  1  5  Mo5Si3(s) 

+  7  5  SiCXg)  +  7  5H2(g)  (15) 

MoSi2(s)  +  7H20(g)  =  Mo03(l.g)  +  2  Si02(s) 

+  7  H2(g)  (161 

MoSi2(s)  +  14/5H2Ofg)  =  1  5Mo,Si3(s) 

+  7  5  Si02(s)  +  14  5  H2tg)  (17) 

A  plot  of  the  total  pressures  of  the  product  gaseous 
species  of  the  above  reactions  versus  temperature  at 
P h2o  =  fO  atm,  is  given  in  Fig.  3.  The  hydrogen 
partial  pressures  for  the  reactions  leading  to  the 
formation  of  Si02  (Reactions  16  and  17)  are  a  few 
orders  of  magnitude  higher  than  the  total  product 
pressures  for  Reactions  14  and  15.  These  two  sets  of 
reactions  have  opposite  trends.  In  Reactions  14  and  15 
the  sum  of  the  partial  pressures  of  the  product  species 
increases  with  increasing  temperature.  On  the  other 
hand,  for  Reactions  16  and  17,  the  sum  of  the  partial 
pressures  decrease  with  increasing  temperature  which 
is  due  to  the  reverse  reaction  of  the  solid  oxide  pro¬ 
ducts  with  hydrogen  at  higher  temperatures.  Experi¬ 
ment  >1  investigations  [15]  suggest  that  the  formation 
of  an  oxide  film  is  mainly  due  to  Reaction  16.  The 
MoOj  has  a  very  high  vapour  pressure  at  1 100  K  and 
vaporizes  leaving  behind  an  Si02  film.  In  addition, 
other  reactions  also  take  place  by  diffusion  of  reacting 
species  through  the  silica  layer  and  with  formation  of 
lower  silicides.  The  properties  of  the  oxide  films  play 
an  important  role  in  the  reaction  of  molybdenum 
disilicide  with  water  vapour. 

As  discussed  earlier,  in  a  number  of  oxidation  reac¬ 
tions  of  MoSi2,  silica  and  lower  molybdenum  silicides 
are  formed.  These  molybdenum  silicides  react  with 


Figure  3  The  sum  of  the  equilibrium  pan  it)  preuures  of  the  prod¬ 
uct  gaseous  species  at  PH|0  -  10  atm  of  Reactions  14-17  as  a 
function  of  temperature. 
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silica  at  higher  temperatures  according  to  the  follow¬ 
ing  reactions: 


Mo3Si(s)  + 

Si02(s)  =  3Mo(s)  +  2SiO(g) 

(18) 

Mo5Si3(s)  +  4  3SiO,(s)  = 

5  3  Mo3Si|s) 

+  8  3  SiOfg) 

(19) 

MoSi,(s)  + 

7  5SiO,(s)  = 

1  5  Mo5Si3(s) 

+  14  5SiO(g) 

(20) 

A  plot  of  the  silicon  monoxide  partial  pressures  versus 
temperature  is  given  in  Fig.  4.  The  silicon  monoxide 
partial  pressure  increases  as  the  metal  to  silicon  ratio 
of  the  reactant  MoxSiy  component  decreases.  The 
results  in  Fig.  4  indicate  that  at  higher  temperatures 
considerable  mass  losses  via  SiO(g)  vaporization  may 
occur  for  the  above  reactions. 

4.2.  Chemical  compatibility 
One  of  the  requirements  for  the  use  of  reinforcing 
phases  for  high-temperature  composites  is  that,  ideal¬ 
ly,  they  should  coexist  with  the  matrices.  The  protec¬ 
tive  coatings  on  the  reactive  reinforcements  may  not 
be  very  useful  at  higher  temperatures.  Thermochemi- 
cal  computations  of  the  compatibility  of  various  re¬ 
inforcements  in  molybdenum  disilicide  are  presented 
m  the  following  sections. 

The  chemical  reactions  of  carbon,  silicon  carbide 
and  silicon  nitride  with  molybdenum  disilicide  con¬ 
sidered  are 

C(s)  +  1/2  MoSij(s)  =  Mo(s)  +  SiC(s)  (21) 

SiC(s)  +  2MoSi2(s)  =  Mo2C(s)  +  5Si(s)  (22) 

Si3N4(s)  +  8MoSi2(s)  =  4Mo2N(s)  +  19Si(s)  (23) 

The  Gibbs  free  energy  change,  AG°,  for  Reaction  21  is 
-6.9kcalmor‘  at  1300K  and  -  1 1.5  kcal  mol*1 
at  1900  K.  These  data  indicate  that  the  C/MoSi2 
system  is  reactive.  On  the  other  hand,  the  chemical 
reactions  of  silicon  carbide  and  silicon  nitride  with 
molybdenum  disilicide  (Reactions  22  and  23)  have 
Gibbs  free  energy  changes,  AG°,  of  64.4  and 
326.3  kcal  mol' 1  at  1300  K  and  52.1  and  263.1  kcal- 
mol'1  at  1900  K.,  respectively.  These  data  indicate 


Figure  4  Partial  pressures  of  silicon  monoxide  of  Reactions  18-20 
as  a  function  of  temperature 


(hat  silicon  carbide  and  silicon  nitride  are  stable  with 
molybdenum  disilicide  in  the  temperature  range 
1300-1900  K. 

The  chemical  reaction  of  alumina  with  molyb¬ 
denum  disilicide  is 

A12Oj(s)  +  10  7MoSi:|s)  =  2SiO(g)  +  AkO(g) 

+  2  7  Mo,Si3(s)  (24) 

The  AG  values  for  the  above  reaction  are 
1 65.5  kcal  mol" 1  at  1300  and  91.6  kcal  mol' 1  at 
1900  K.  The  partial  pressures  of  gaseous  species  (AKO 
and  SiO),  reach  critical  limits  (about  10'*  atm)  at 
I800K.  Thus,  the  AI203/MoSi2  system  could  loose 
appreciable  amounts  of  silicon  and  aluminium  above 
1 800  K  according  to  Reaction  24 

Using  the  same  approach,  chemical  reactivities  of 
other  potential  reinforcements  with  molybdenum 
disilicide  have  been  computed.  The  thermo¬ 
dynamically  stable  reinforcements  in  molybdenum 
disilicide  matrix  are  TiB,  TiB2.  ZrB2.  HfB2,  TiC.  ZrC. 
HfC.  Zr02  and  Hf02.  An  unstable  reinforcement  is 
TiOj. 

5.  Conclusions 

Thermochemical  data  indicate  that  molybdenum 
disilicide  reacts  with  oxygen  and  water  vapour  at  high 
temperatures.  In  “active"  oxidation  processes,  silicon 
monoxide  pressures  of  the  reactions  including  also  the 
formation  of  metal  oxides  are  many  orders  of  magni¬ 
tude  higher  than  those  of  other  reactions.  The  “pas¬ 
sive"  oxidation  reactions  are  controlled  by  the  state  of 
the  silica  layer  and  the  oxygen  partial  pressures.  The 
structure  and  properties  of  the  silica  films  play  an 
important  role  in  the  reactions  of  molybdenum 
disilicide  with  water  vapour.  In  addition,  molyb¬ 
denum  silicides  (Mo3Si,  Mo5Si3  and  MoSi2)  also  react 
with  silica  at  higher  temperatures.  Thermodynamic 
stabilities  of  various  ceramic  reinforcements  in  molyb¬ 
denum  disilicide  matrices  have  been  computed  in  the 
temperature  range  1300-1900  K.  Based  on  these  res¬ 
ults,  compatible  reinforcements  are  SiC,  Si3N4,  TiC. 
ZrC.  HfC,  TiB,  TiB2,  ZrB2,  HfB2,  Zr02  and  HfOz  On 
the  other  hand,  carbon  and  Ti02  are  reactive.  The 
MoSi2/Al203  system  is  stable  below  1800  K.  At  tem¬ 
peratures  above  1 800  K.  significant  mass  losses  could 
occur  due  to  the  high  vapour  pressures  of  gaseous 
species. 
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Interface  Manipulation  in  Ceramic  Matrix  Composites 
for  Improved  Mechanical  Performance 

R.  R  BOISVERT,  R.  K.  NUTTER  AND  R.  JL  DIEFENDORF 


ABSTRACT 

One  unfortunate  characteristic  of  ceramic  matrix 
composites  is  the  catastrophic  failure  which  occurs  when  good 
bonding  exists  between  the  fiber  and  matrix.  A  crack  which 
originates  in  the  matrix  (or  fibers)  can  transverse  the  entire 
cross  section  due  to  the  lack  of  any  crack  deflecting  or  energy 
absorbing  mechanisms.  This  limits  the  performance  of  the 
composite  to  the  constituent  which  has  the  largest  flaw  or  the 
lowest  failure  strain.  In  many  ceramic  composite  systems  the 
matrix  is  the  limiting  component  and  therefore  the  potential 
high  strength  of  the  fibers  can  never  be  realized.  To  improve 
the  fracture  behavior  of  brittle/brittle  systems,  the  interface 
between  the  load  bearing  element  and  the  matrix  should  be 
controlled.  Optimum  interface  tailoring  would  provide  for 
transfer  of  all  the  load  to  the  fibers,  but  with  the  prevention 
of  catastrophic  crack  propagation.  In  this  work,  the  brittle 
failure  in  these  systems  was  altered  by  controlling  the 
fiber/matrix  interface  with  a  suitable  barrier  layer  or  by 
multilayering  the  matrix  thereby  introducing  several  barriers 
to  prevent  propagation  of  matrix  cracks. 

INTRODUCTION 

Ceramics  in  bulk  form  generally  have  high  elastic  moduli, 
but  suffer  from  low  strengths  and  hence  very  low  strains  to 
failure  due  to  flaws  inherent  in  the  normal  processing.  In 
fibrous  form,  where  flaws  are  comparatively  much  smaller  and 
less  prevalent,  high  strengths  as  well  as  high  moduli  can  be 
achieved.  However,  no  matter  what  the  form  of  these  one 
component  systems,  they  are  linearly  elastic  to  failure  and 
and  possess  very  little  work  of  fracture,  or  "toughness". 
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CERAMIC  MATRIX  COMPOSITES 


Considerable  materials  development  has  been  placed  on  trying  to 
combine  fibrous  and  bulk  ceramics  to  form  ceramic/ceramic 
composites.  These  materials  have  the  potential  advantage  of 
increasing  strain  to  failure  and  "toughness"  through  transfer 
of  stress  to  the  high  strength  reinforcement  and  the  creation 
of  energy  absorbent  fracture  mechanisms. 

The  fracture  behavior  of  ceramic  matrix  composites  is 
different  from  polymer  matrix,  and  metal  matrix  composites,  due 
to  the  characteristics  of  the  individual  constituents.  The  role 
of  the  matrix  in  polymer  matrix  composites  is  simply  to 
transfer  load  to  the  reinforcement,  which  has  the  desirable 
properties,  and  to  hold  the  fibers  in  place.  Fracture  is 
generally  governed  by  the  brittle,  lower  strain  to  failure 
fibers  when  the  load  is  applied  parallel  to  the  fibers.  In 
ceramic/ceramic  systems  the  strain  to  failure  of  the  matrix  is 
typically  lower  than  that  of  the  fibers.  Hence,  instead  of  the 
fiber  initiating  failure  as  in  the  polymeric  composite,  the 
ceramic  matrixes  will  fail  before  the  fibers.  If  perfect 
coupling  exists  between  fiber  and  matrix,  the  composite  is 
found  to  catastrophically  fail  at  the  failure  strain  of  the 
matrix  thereby  limiting  the  strength  and  work  of  fracture  of 
the  composite.  Therefore,  various  fracture  control  techniques 
must  be  employed  during  the  fabrication  of  certain  ceramic 
matrix  composites  to  obtain  strong  and  reliable  brittle  matrix 
composites . 

Two  different  ceramic  composite  processing  techniques  were 
utilized  in  studying  the  effects  of  placing  carbon  interface 
layers  within  the  composite.  The  first  method  involved 
chemically  vapor  depositing  SiC  on  Nicalon  SiC  fibers. 
Initially  no  carbon  layer  was  placed  on  the  fibers.  In  this 
situation  the  matrix  was  found  to  control  the  strength,  which 
when  calculated  using  Weibull  theory  had  excellent  agreement 
with  experimental  results.  When  a  thin  carbon  layer  was 
deposited  on  the  fiber  surface  before  SiC  infiltration, 
composite  strengths  were  found  to  be  fiber  controlled.  Carbon 
was  chosen  for  'the  interfacial  layer  as  a  model  system  because 
of  its  weak  layered  structure  and  inertness  to  SiC. 

The  alternate  composite  processing  technique  utilized 
pyrolysis  of  an  organometallic  polymer,  polyvinylsilane (PVS) , 
to  form  a  SiC  matrix  material  with  Nicalon  SiC  fibers  as 
reinforcement.  Similar  results  were  found  for  these  composites 
when  a  carbon  coating  was  placed  on  the  fiber  surface  via  a 
carbon  polymeric  precursor  before  composite  fabrication. 
Increased  composite  performance  can  also  be  obtained  by 
multilayering  the  ceramic  matrix. 

EXPERIMENTAL 

Chemical  Vapor  Deposition 

For  a  quantitative  measure  of  the  effect  that  a  carbon 
interfacial  layer  could  have  in  a  ceramic/ceramic  system, 
single  bundles  of  Nicalon  SiC  fibers,  C.V.D.  infiltrated  with 
varying  amounts  of  SiC  matrix,  were  tensile  tested  with  and 
without  a  carbon  interface.  The  single  bundle  approach  was 
taken  due  to  the  ease  in  making  samples  and  close  simulation  of 
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the  real  composite.  Three  classes  of  samples  were  made;  strong 
interf aced (S . I . ) ,  weak  interfaced (W. I .) ,  and  carbon 
interfaced (C . I .) .  Strong  interfaced  composites  were  prepared  by 
first  removing  the  sizing  present  on  the  filaments  by  heat 
treatment  in  a  vacuum  to  high  temperatures  followed  by 
deposition  of  SiC.  Carbon  interfaced  specimens  were  prepared 
by;  (1) remove  sizing,  (2)deposit  carbon,  and  (3) inf iltrate  with 
SiC.  The  weak  interfaced  samples  were  actually  made 
inadvertently  due  to  a  very  fast  heat-up  and  infiltration  start 
which  probably  did  not  completely  burn  off  the  sizing  on  the 
"as  received"  Nicalon  SiC  fibers  before  SiC  began  depositing. 

The  chemical  vapor  deposition  technique  can  be  utilized 
under  a  wide  range  of  operating  conditions (eg;  pressure, 
temperature,  concentration,  etc.).  However,  the  process 
controlling  parameters  and  mechanisms  of  reaction  change  along 
with  these  conditions.  The  furnace  used  throughout  the  course 
of  this  study  consisted  of  a  resistance  heated  graphite  element 
held  under  vacuum.  The  reactant  gases  used  to  deposit  SiC 
consisted  of  a  mixture  of  hydrogen  and  methyltrichlorosilane  in 
a  ratio  of  4:1.  The  deposition  pressure  was  between  1-10  torr 
with  an  operating  temperature  of  1200°C.  Various  times  were 
used  to  increase  the  quantity  of  deposited  material.  Carbon 
interfacial  layers  were  deposited  via  a  mixture  of  methane  and 
hydrogen  at  1300°C  and  a  pressure  between  1-10  torr.  These 
micro  composites  were  subsequently  tensile  tested.  Due  to  the 
small  strain  to  failure  and  brittleness  of  these  materials, 
special  consideration  was  necessary  in  specimen  gripping  and 
alignment  in  the  tensile  testing  machine.  After  testing,  the 
sample  cross-sectional  area  was  deduced  by  image  analysis.  The 
reader  is  referred  to  reference  [1]  for  a  detailed  description 
of  the  experimental  procedure. 

Organometallic  Precursors 

Due  to  the  difficulties  in  utilizing  chemical  vapor 
deposition  in  producing  large  scale  ceramic  structures,  an 
alternate  processing  technique  utilizing  an  organometallic 
precursor  was  used  in  producing  ceramic  matrix  composites.  The 
polymeric  precursor,  polyvinylsilane,  developed  by  Schilling, 
et.  al.  [2],  provides  an  efficient  thermal  crosslinking 
mechanism  via  the  vinyl  and  SiH  groups  contained  in  its 
chemical  structure.  A  vacuum  bag  process  can  be  used  to  form 
laminates  of  various  sizes  and  complex  shapes.  SiC  whiskers  are 
added  to  polyvinylsilane  to  form  the  matrix  mixture  used  during 
the  vacuum  bag  processing.  This  filler  is  needed  to  control 
shrinkage  and  microcracking  that  occurs  during  pyrolysis.  These 
"green"  bodies  are  subsequently  pyrolyzed  to  form  the  ceramic 
matrix  composite.  Reimpregnation  of  pyrolyzed  structures  is 
necessary  due  to  shrinkage  which  occurs  during  pyrolysis 
because  of  the  moderate  ceramic  yields  and  density  differences 
between  initial  polymer  and  final  ceramic.  The  results  stated 
in  this  article  are  based  on  composites  which  were  fabricated 
utilizing  Nicalon  in  the  form  of  eight  harness  satin  weave  as 
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the  reinforcement.  The  reader  is  referred  to  references  [3], 
(4),  and  [5]  for  a  more  detailed  description  of  composite 
fabrication. 

During  pyrolysis  of  polyvinylsilane,  mechanical  and 
chemical  bonding  occur  between  the  matrix  and  reinforcing 
phase.  This  bonding  leads  to  catastrophic  failures,  and  low 
toughness  in  composite  specimens.  Carbon  coatings  were  placed 
on  Nicalon  SiC  fibers  prior  to  lamination  in  an  attempt  to 
improve  the  mechanical  performance.  The  coatings  were  deposited 
from  solutions  of  Ashland  240  pitch  and  the  toluene  insolubles 
of  a  heat  treated  Ashland  240  pitch  and  then  pyrolyzed.  Fiber 
sizing  was  removed  on  all  reinforcement  utilized  prior  to 
composite  fabrication.  Coating  uniformity  was  dependent  on 
solvent  type  and  solution  concentration. 

To  increase  the  number  of  crack  stopping  interlayers, 
ceramic  composite  specimens  were  impregnated  with  a  carbon 
polymeric  precursor  between  Dolysilane  densif ications .  Various 
cuts  and  concentration'  of  t  ■  aland  240  pitch  were  used  as  the 
carbon  precursor.  Mec  ical  testing  was  performed  on  a  three 
point  bend  fixture. 

RESULTS  AND  DISCUSSION 
Chemical  Vapor  Deposition 

Nicalon  SiC  bundle  strength  was  determined  before 
infiltration  by  testing  specimens  which  were  heat  treated  to 
1200°C  under  vacuum  for  1  hour.  This  served  to  remove  the 
sizing  found  on  the  fibers  and  give  them  a  similar  thermal 
treatment  at  the  infiltration  temperature.  By  using  the  average 
fiber  diameter  of  12  m  for  the  500  filament  bundle,  the 
strength  was  found  to  be  1.46GPa. 

The  strength  data  for  the  infiltrated  bundles,  plotted  as 
a  function  of  fiber  volume  fraction  for  the  three  types  of 
samples  produced  (strong  interf aced  (S .  I . )  ,  weak, 
interfaced (W. I .) ,  carbon  interf aced (C . I .) )  is  shown  in  figure 
1 .  The  data  for  the  strongly  coupled  case  indicates  poor 
strength  with  the  infiltration  of  even  the  slightest  amount  of 
SiC.  Strength  appears  to  continue  decreasing  with  increasing 
amounts  of  matrix,  but  at  a  much  slower  rate.  In  contrast,  the 
carbon  interfaced  and  weak  interfaced  strengths  appear  to  fall 
along  a  linearly  decreasing  curve  but  with  much  higher  values. 

By  using  Weibull  theory  to  calculate  the  matrix  strength 
as  a  function  of  volume,  the  composite  strength,  when  governed 
by  the  strength  of  the  matrix (i.e.,  strong  interfaced  case), 
can  be  predicted.  The  predicted  values  of  composite  strength 
are  shown  plotted  over  the  experimental  data  in  figure  1. 
Excellent  agreement  is  seen  between  the  matrix  controlled 
theory  and  the  strongly  coupled  composite  strength.  Hence, 
flaws  in  the  low  strain  to  failure  matrix  are  propagating 
directly  through  the  fiber  reinforcement  to  cause  failure.  The 
plateau  region  of  the  curve  gives  an  approximation  of  the 
inherent  strength  of  the  C.V.D.  deposited  SiC  matrix  in  fiber 
filled  composites (~55MPa) . 

For  the  weak  interfaced  and  carbon  interfaced  samples,  the 
fiber  controlled  strength  can  be  predicted  approximately  by 
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multiplying  the  heat  treated  bundle  strength  by  the  fiber 
volume  fraction  plus  the  contribution  from  the  matrix.  The 
strength  of  the  ceramic  composite  will  never  fall  below  that  of 
the  matrix.  The  excellent  agreement  between  predicted  values  of 
composite  strength  and  experimental  data  is  shown  plotted  in 
figure  1. 

The  implications  of  these  results  are  significant  for  the 
usefulness  of  real  SiC  ceramic  composites.  For  volume  fractions 
of  about  50%,  decoupling  fibers  could  increase  unidirectional 
composite  tensile  strength  by  over  five  times.  Multidirectional 
reinforcement  also  benefits  from  this  decoupling  as  will  be 
shown  in  the  following  section.  The  greatest  advantage  gained 
for  these  composites  is  that  the  largest  flaw  in  the  matrix 
will  not  control  the  overall  material  strength.  Since  the 
fibers  are  carrying  the  load  near  the  failure  stress,  their 
flaw  distribution  should  be  controlling. 

Typical  load-displacement  curves  for  the  three  types  of 
single  bundle  samples  are  shown  in  figure  2.  These  plots  are 
taken  directly  from  the  strip  chart  recorder  on  the  test 
machine,  and  represent  the  load  carried  by  the  sample  versus 
the  displacement  of  the  machine's  crosshead.  Strain  to  failure 
and  modulus  values  cannot  be  accurately  assessed  from  these 
curves  due  to  the  high  compliance  in  the  system.  However,  the 
curves  do  indicate  relative  differences  between  samples.  All 
specimens  with  strong  interfaces  exhibited  a  linearly  elastic 
response  followed  by  brittle  failure.  Samples  with  carbon 
interfaces  and  weak  interfaces  exhibited  a  slope  change  at  the 
matrix  failure  strain,  without  catastrophic  failure.  A  "tail 
section"  was  noticed  in  several  curves  indicating  a  graceful 
fracture  with  possibly  the  occurrence  of  fiber  pull-out. 

A  final  observation  on  the  load-displacement 
characteristics  is  the  variation  in  failure  load  between  carbon 
coated  samples.  Theoretically,  no  matter  what  the  fiber  volume 
fraction  is,  the  ultimate  failure  load  of  the  specimens  should 
be  the  same,  assuming  the  same  number  of  fibers  exist  in  all 
samples.  However,  samples  with  increased  carbon  coating 
thickness  failed  at  lower  loads.  The  experimental  results  show 
that  very  little  carbon  is  necessary  for  decoupling  systems. 
This  could  be  very  significant  for  the  processing  of  these 
types  of  materials,  since  control  of  the  interfacial  coating 
thickness  could  be  crucial  to  the  materials  performance. 

Scanning  Electron  Microscopy  was  used  to  view  the  fracture 
surfaces.  The  completely  brittle  failure  of  the  strong 
interfaced  composites  is  confirmed  by  the  flat  fracture 
surface.  Samples  with  carbon  at  the  fiber  matrix  interface  had 
fibrous  fracture  surfaces  which  confirms  that  matrix  failure 
did  not  destroy  the  reinforcement.  The  presence  of  pull-out  can 
also  be  used  to  explain  the  tail  section  which  occurred  in  the 
load-deflection  curves. 


Low  fiber/matrix  coupling  has  been  shown  to  be  capable  of 
drastically  improving  the  mechanical  performance  of  chemically 
vapor  deposited  ceramic  matrix  composites.  This  same  idea  has 
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been  tested  on  ceramic  matrix  composites  which  were  processed 
utilizing  an  organometallic  precursor  called  polyvinylsilane. 
The  carbon  interfacial  layers  for  this  situation  were  deposited 
via  a  carbon  polymeric  precursor.  Depending  on  the  type  of 
precursor  used  and  the  application  procedure,  a  range  of 
composite  performance  can  be  expected.  The  mechanical  behavior 
of  the  composite  is  found  to  be  dependent  on  the  structure  of 
the  carbon  interfacial  layer.  A  previous  article5  has  reviewed 
the  general  characteristics  of  such  composites,  therefore  this 
paper  is  going  to  focus  on  the  stress/strain  behavior  of  these 
ceramic  matrix  composites. 

Composites  fabricated  with  no  carbon  interfacial  layer 
have  a  linear-elastic  response  curve  up  to  the  failure  strain 
of  the  matrix  when  tested  in  a  three  point  bend  apparatus. 
Brittle  failure  occurs  at  the  matrix  failure  strain.  Cracks 
originate  in  the  low-strain-to-f ailure  matrix  and  propagate 
unimpeded  through  the  entire  cross  section.  The  chemical  and 
mechanical  bonding  which  develops  between  the  Nicalon 
reinforcement  and  matrix  during  processing  provides  a 
non-obstructed  path  for  the  passage  of  such  matrix  cracks. 
Table  I  list  the  failure  strains  for  these  composites  as  you 
increase  the  number  of  densif ications . 

A  variety  of  different  coating  solutions  were  used  in 
trying  to  develop  a  suitable  crack  stopping  layer  between  the 
fiber  and  reinforcement.  Mesophase  forming  pitches  produced 
coatings  which  dramatically  affected  the  performance  of  these 
composites.  Load  deflection  curves  were  linear-elastic  up  to 
the  failure  strain  of  the  composite  for  all  specimens  which 
contained  a  carbon  coating.  In  contrast  to  the  uncoated 
specimens,  non-catastrophic  failure  occurred  at  this  strain 
resulting  in  a  tougher  composite.  Table  I  list  failure  strains 
for  a  variety  of  composites  prepared  with  different  pitches.  No 
indication  of  matrix  cracking,  such  as  a  change  in  deflection 
curve  slope,  occurs  before  the  composite  failure  strain  is 
reached,  therefore  a  potential  rise  in  the  matrix  microcrack 
yield  strain. results  due  the  presence  of  the  fiber  coating. 

The  technique  of  multilayering  the  matrix  with  alternating 
carbon  and  polysilane  impregnations  has  been  shown  [3], [5]  to 
improve  the  strength  and  toughness  of  ceramic  matrix 
composites.  Load-deflection  curves  for  such  composites  are 
linear  elastic  up  to  the  matrix  failure  strain.  This  point  can 
coincide  with  the  ultimate  composite  failure  strain  or  it  can 
be  substantially  below  that  value  (Table  II).  In  selected 
composites  the  matrix  is  found  to  fail  at  the  same  strain  level 
as  uncoated  composites.  Composite  failure  does  not  occur  at 
this  point.  The  composite  can  be  loaded  to  still  higher  stress 
levels,  whereas  in  the  previous  two  cases  once  the  matrix 
failure  strain  is  achieved  composite  failure  occurs.  In  some 
instances  matrix  failure  strain  coincides  with  the  ultimate 
failure  strain.  These  composites  have  an  enhanced  matrix 
microcrack  yield  strain  over  all  previous  cases.  Table  III 
outlines  the  failure  strains  for  composites  with  increasing 
number  of  carbon  interlayers.  No  tremendous  improvement  in 
performance  is  immediately  obvious  when  the  number  oi 
interlayers  is  increased  above  two. 
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CONCLUSION 

Decoupling  of  fibers  from  the  matrix  in  SiC/SiC  composites 
results  in  substantial  improvements  in  material  strength  and 
work  of  fracture.  C.V.D.  applied  carbon  is  an  effective 
interfacial  decoupling  material.  Thick  C.V.D.  carbon  coatings 
may  degrade  fiber  properties,  and  hence,  overall  composite 
performance.  The  effectiveness  of  a  carbon  coating  applied  via 
a  polymeric  precursor  is  dependent  on  the  type  used  and 
processing  parameters  employed.  Significant  improvements  in 
matrix  microcrack  yield  strain  are  gained  for  composites  with 
carbon  coatings  on  reinforcing  fibers  and  multilayered 
matrixes . 
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FIGURE  1  Chemically  Vapor  Deposited,  Nicalon  Single  Bundle 
Strength  Comparison. 
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FIGURE  2  Chemically  Vapor  Deposited,  Nicalon  Single  Bundle 
Load-Deflection  Curve  Comparison. 
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TABLE  I 

Failure  Strain  for  Coated  and  Non-coated  Nicalon 


Number  PVS 
Impregnations _ 

_ 1 _ 2 _ 

3 

4 

5 

Failure  Strain 

No  Fiber  Coat-inn 

.0017  .0015 

.0012 

.0011 

.0010 

Flexural 

Strength (MPa) 

52.3  56.7 

61.2 

63.2 

59.7 

Fiber  Coating:  A240  in  Trichlorohem^no  <0 . Olom/cm  ‘3) 

Failure  Strain 
Flexural 

.0041 

.0021 

.0022 

- 

Strength (MPa) 

73.1 

91.7 

112.4 

- 

Toluene  Insolubles  A240  in 

Failure  Strain 
Flexural 

.0046 

.0035 

.0040 

.0029 

Strength (MPa) 

128.2 

128.2 

157.2 

126.2 

Fiber 

Coating:  CPTI  in 

TCB  (0 . 01am/ cm  A  3 ) 

Failure  Strain 
Flexural 

.0041 

.0028 

.0022 

.0021 

II II  Ml  II  1  Mil 

95.8 

_ 93.1 

93.1 

TABLE 

II 

Nicalon  Reinforced (Eight  Harness  Satin 

Weave)  Composites 

Number  Carbon 
and  PVS  Impreg. _ 

_ 1 _ 2 _ 

_ 3 _ 

4 

5 

Fiber  Coating : Toluene  Insolubles 

A240  in  TCB(0.0075gm/cnr3) 

Cm.trlx  * 

.0030  .0036 

.0050 

.0051 

- 

C  f .  cowpo.lt.  ** 

Flexural 

.0043  .0068 

.0059 

.0058 

— 

Strength (MPa) 

98.6  186.2 

213.7 

234.4 

Fiber  Coating:CPTI  in 

TCB  (0 . 01gm/cmA3) 

Carpgn 

Impregnation: CPTI 

in  TCB (0 . 05gm/cm*3) 

Cm.trlx 

- 

.0045 

.0016 

.0041 

,  composite 

- 

.0072 

.0084 

.0075 

Flexural 

Strength (MPa) 

—  — 

160.6 

235.1 

291.0 

Fiber  Coating:CPTI  in  TCB  (0 . 01gm/cm/'3) 

Carbon  Impregnation  :CPTI  in  TCB  (Q .  Iam/cnr3) 

€««n*  -  -  .0025  .0015  .0029 

Cf.cowpo.it*  —  .0051  .0040  .0040  .0051 

Flexural 

Strength  (MPa) _  106.9  122.7 _ L44.8  199.3 

*  Indicates  strain  e.t  which  load-deflection  curve  deviates 
from  linearity. 

**  Indicates  strain  at  which  there  is  a  non-recoverable  load 
drop,  resulting  in  composite  failure. 
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TABLE  III 


Results  on  Varying  the  Number  of  Carbon  Impregnations  in 
Nicalon  Reinforced (Eight  Harness  Satin  Weave)  Composites 


Number  of  PVS 
and  Carbon 
Impregnations 

5  PVS/ 

1  Carb 

5  PVS/ 

2  Carb 

5  PVS/  5  PVS/ 

3  Carb  4  Carb 

5  PVS/ 

5  Carb 

Fiber  Coating 

:CPTI  in 

TCB  ( 0 . 0  lgm/  cm*'  3 ) 

Carbon 

Impregnation :CPTI 

in  TCB (0 . 05am/ cmA3) 

^matrix 

- 

.0043 

.0050  .0043 

.0041 

t  f ,  cofnpoatlta 

.0048 

.0069 

.0067  .0065 

.0075 

Flexural 

Strength (MPa) 

175.1 

232.4 

213.7  213.7 

291.0 

Fiber  Coating 

:CPTI  in 

TCB (0 . 01gm/cmA3) 

Carbon 

Impregnation :CPTI 

in  TCB  (0 .  lQam/cmA3) 

tmatrlx 

.0015 

.0024 

.0024  .0015 

.0024 

tf ,  cowpoalta 

.0041 

.0051 

.0051  .0051 

.0051 

Flexural 

Strength (MPa) 

174.4 

215.1 

207.5  203.4 

199.3 

Number  of  PVS 

and  Carbon 

4  PVS/ 

4  PVS/  4  PVS/ 

4  PVS/ 

Impregnations 

1  Carb  * 

2  Carb  3  Carb 

4  Carb 

Fiber  Coating 

:CPTI  in 

TCB (0 . 01gm/cmA3) 

Carbon 

Impregnation :CPTI 

in.  TCB (0. Q5gm/cmA3) 

(Eroat  r  lx 

.0040 

.0055 

>  .0042 

.0017 

£f , composite 

.0064 

.0071 

.0070 

.0084 

Flexural 

Strength (MPa) 

177:9 

207.5 

204.8 

235.1 

Fiber  Coating 

:CPTI  in 

TCB (0 . 01gm/cmA3) 

Carbon 

Impregnation :CPTI 

in  TCB(0.1am/cmA3) 

^matrix 

.0019 

.0012 

!  .0022 

.0015 

(Ef ,  cofliposita 

.0033 

.0037 

'  .0039 

.0040 

Flexural 

Strength (MPa) 

137.2 

152.4 

141.3 

144.8 
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